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 Abstract 
Design and Real-Time Control of Shipboard Power System Testbed 
by 
Pradeep Pant 
Master of Science in Electrical Engineering 
West Virginia University 
Professor Ali Feliachi, Ph.D., Chair 
The objective of this thesis is to design and test a small scale testbed for the all-electric 
shipboard power distribution system. Shipboard power system is increasingly becoming 
more reconfigurable, and multi-agent systems are developed to automate routine 
operation and emergency reconfiguration. Underlying algorithms of these systems have 
been verified using software simulation tools. However, these simulators run in soft real-
time by using simple mathematical models to represent the physical system. These 
models do not incorporate every aspect of the physical system. A testbed provides a cost 
effective physical environment to verify these algorithms and control techniques in the 
real world. This testbed, based on the Navy’s notional all electric ship, keeps 
characteristic features of the Office of Naval Research’s Integrated Power System. It 
provides a platform for testing local and distributed controls. Local embedded controllers 
on the testbed run in hard real-time, and a CAN bus builds the communication 
networking among them. Performance of the controllers has been verified successfully, 
and the platform provides an environment that allows prototyping and testing agent-based 
higher-level controls and decision making entities. 
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Chapter 1 INTRODUCTION 
The naval ships of the future will use more flexible integrated power systems by adapting 
electric propulsion motors and electric pulsed high power weapons [33]. The modern all 
electric shipboards will serve the electric propulsion systems, which typically consume 
65% of the overall load, weaponry systems and general loads including hotel loads, and 
other appliances. These loads are DC loads or AC loads running from a DC-AC inverter 
and are arranged in a zonal structure [25]. Generation of the power is usually carried out 
by gas turbines as prime movers and synchronous generators. These generators provide 
AC power, which can be directly used by AC loads like the propulsion systems. 
However, distributing electric power through a DC based approach provides new 
possibilities and flexibilities, and the next generation of ships will build on a DC 
distribution system incorporating power electronics converter technology for advanced 
controllability and reconfigurability. 
If agent based distributed controls are desired then it will be required that these sensors, 
actuators, switches and controls be able to share information. Part of the communication 
infrastructure will have to be able to provide information with real-time constraints to 
other entities within the system. However, the communication is not the only task these 
units are required to perform in real-time. Safety features like overload and short circuit 
protection must also be handled spontaneously in order to prevent further propagation of 
the effects into the system. Safety related events can most often be handled by power 
electronics and local controls before exchanging information about the perceived failure. 
1.1 Motivation 
Availability of simulation tools has made the task of testing new concepts easier. 
Flexibility in software allows quick alternations in the design at less cost. However, a 
software tool comes with limitations on how closely it can represent a physical system. 
Software tools like real-time simulators use mathematical models to represent a system 
and it may be difficult to incorporate every aspect of a physical system into a 
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mathematical model. Simulations using higher level platforms or application programs, 
running on top of general operating systems like Windows or Linux may only provide a 
soft-real-time environment in which the system can be tested on top of simplified models. 
Simulation can be considered as first step towards verification as they may need a real 
life implementation to verify their performance in the real world. In other words, a 
physical testing or a prototype can be considered as a second step towards verification of 
a concept.  
Optimization of control techniques for local as well as distributed controls help improve 
survivability and performance for a shipboard power system. A physical hardware that 
preserves the characteristics of the actual system and provides a scaled down, low cost 
and easily manageable platform for verifying performance of these new techniques can 
make the development process more efficient. A platform that can serve both the 
verification of local as well as the distributed controls requires that the devices be 
integrated using a communication infrastructure. 
1.2 Objective and Approach 
The objective of this research is to develop a testbed that can provide a validation and 
demonstration platform for the local and distributed controls of the U.S. Navy’s notional 
electric shipboard power systems. The goal is to build a smaller, scaled platform with 
respect to power consumption that still preserves the main characteristics of the Naval 
Combat Survivability (NCS) testbeds, like the propulsion loads, pulsed loads and zonal 
distribution architecture [43]. The design addresses the following objectives. 
• Keep the design and maintenance cost small, without compromising required 
capabilities. 
• Keep testbed size manageable for transportability. 
• Add safety features like isolation and protection to keep the system safe for 
experiments. 
• Implement real-time local controls and add communication capabilities to provide a 
platform for testing distributed controls. 
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• Make the testbed reprogrammable for upgrades or implementation of different 
control techniques. 
With the goal of having a complete AC and DC distribution system as featured in the 
NCS testbed, care must be taken to match voltage, current and settling time of the 
neighboring devices and controllers to achieve smooth operation of the system. To meet 
this requirement, devices must be customized as it is difficult to, for example, find 
matching converters off the shelf. Nevertheless, this project should undertake all the 
design and implementation of power electronics and controls using off the shelf discrete 
components. 
The rapid growth in semiconductor technology has put several high performance 
products in the market giving a great spectrum of choices to the designers. These 
components serve as building blocks for the testbed. The testbed focuses on high 
performance, low power components and embedded controllers that can provide control 
and communication. A survey has been conducted to look at different communication 
techniques to make selection. The following steps were taken to meet the objectives:  
• Design power electronics devices to represent elements of the shipboard power 
system providing one-to-one correspondence with Reconfiguration Agents. 
• Implement local controls through programmable embedded devices. 
• Provide networked communication interface using Controller Area Networking. 
• Develop and implement communication schemes for addressing and messaging. 
• Test individual components on the testbed for step responses and efficiencies. 
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Chapter 2 LITERATURE SURVEY 
This chapter presents an account of similar work done in shipboard power system 
prototypes. In the later part of the chapter, a survey of available communication standards 
and embedded system development tools has been presented. 
2.1 Existing Hardware Prototypes 
Several efforts have been undertaken to build shipboard power system testbeds for 
verification, demonstration, and educational purposes. These testbeds are built in 
different sizes and capabilities to fit different goals. A summary on the sizes, topologies, 
and goals of building some of these testbeds have been presented in this chapter. 
2.1.1 Navy Lab 21 MW Prototype 
This testbed, developed at the Navy’s Land Based Engineering Test Site in Philadelphia, 
is a full scale hardware prototype. This testbed played an important role in the testing of 
the high-power shipboard components like the PWM drive for the propulsion motor. 
Components: The testbed is built around an extremely high power 3-phase induction 
motor drive. This drive makes use of Insulated Gate Bipolar Transistors (IGBTs) as the 
switching devices. The capacity of the motor drive is estimated to be 19MW, which is an 
impressive advance in size when compared to the existing 5MW cycloconverter based 
motor drives [10]. The testbed has been set up with a 21 MW gas turbine as the prime 
mover, and the 19MW, 150 RPM induction motor as propulsion system.  
Topology: The converter technology uses six pulse-rectifier stages that provide 6kV to 
the drive using three separate DC links. The PWM converter consists of multiple 
identical and synchronously switched IGBT stages, connected in series within each arm.  
Purpose: This testbed was intended mainly for testing the high-power high-voltage 
induction motor drive. This full sized testbed is built without the general shipboard or the 
zonal loads and hence provides limited scope for the purpose of validation and testing of 
the overall system [33].  
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2.1.2 Naval Combat Survivability (NCS) Testbed 
Due to the desire to build more accessible and cost effective testbeds, Naval Combat 
Survivability Testbed was developed as a joint effort of two universities and in 
collaboration with the U.S. Navy. This lower voltage and lower power testbed is a valid 
and less expensive option for many research projects that address controls and 
reconfiguration concepts. 
Components: NCS Testbed is made up of two separate hardware units, which are located 
at two different universities [51]. The first unit, called the Generation and Propulsion 
Testbed (GPT), is comprised of a pulse load and a 37kW induction motor based 
propulsion load. GPT is permanently located at Purdue University. It includes a 59 kW 
generator unit, which powers the propulsion drive and the pulsed load. The second unit of 
the NCS testbed is the DC Distribution testbed (DCDT). DCDT is located at the 
University of Missouri-Rolla and consists of a power supply and the DC zonal loads [47]. 
DCDT is based on a 15kW main power supply and is designed to be transported to and 
integrated with the GPT testbed. DCDT also consists of a second power supply, which 
can be programmed as Model-in-Loop (MIL) to simulate devices not available in the lab. 
Considering its purpose as research and teaching tool, a lower voltage has been used for 
the AC and DC distribution testbeds.  The AC system uses a nominal voltage of 560VL-L. 
The propulsion system is built around a 460VL-L induction motor. Main DC buses carry a 
voltage of 500Vdc.  
Topology: The DC testbed consists of three load zones, powered at the voltage level of 
400-420 V. Load zones consist of an inverter based 3-phase load, 3.7kW motor drive, and 
a 5kW constant power load [51]. 
Power supply and the DC-DC converter modules are designed to step-down voltage 
levels using buck-converter topology. Constant power loads also uses the same converter 
topology but controls are intended at regulating power. Propulsion drive and motor 
control are based on a three phase bridge converter. 
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Purpose: The hardware was developed for the purpose of validating new approaches for 
modeling and controlling naval power distribution and propulsion systems [47][43]. 
2.2 Available Network Standards 
Most of the single chip digital controllers these days offer hardware support for 
communication interfaces. Several different communication standards have been 
developed with different complexities and capabilities. Some offer high speed while 
some other offer high reliability or high addressability. These standards have been 
developed to fit specific needs and cost requirements. For example, Controller Area 
Network (CAN) offers moderate speed in noisy environments, while Local Interconnect 
Networking (LIN) offers a lower cost solution with lower speed for similar needs. Media 
Oriented System Transport (MOST) offers powerful communication interface for 
transferring large amount of data. Choices with less capabilities, speed, and cost are Inter 
Integrated Circuit (I2C), Serial Peripheral Interface (SPI), and the Universal 
Asynchronous Receive Transmit (UART) [11]. Hewlett Packard Instrumentation Bus 
(HP-IB) offers a parallel data interface at very high speed. 
2.2.1 Universal Asynchronous Receiver Transmitter, UART 
The first UART specification came out as early as 1959. The early version of this UART 
was developed by Digital Equipment Corporation for its Programmed Data Processor 
(PDP-1) computers [5]. Being one of the most basic communication standards, it only 
offers specifications for the physical layer and is designed for communication between 
two devices only. It offers a maximum achievable speed of 20kbps. 
The UART does not directly generate or receive the external signaling levels (such as 
voltages on wires) that are used between different equipment. Recommended Standard 
232, more commonly known as RS232, is well established communication standard that 
uses voltage signaling. RS232 offers up to 20kbps speed. TIA/EIA 423 came out as 
increased speed version of RS232 with a speed of 100kbps. Later TIA/EIA-562 came out 
as a low voltage version of RS232. 
RS232 does not make any specification available with respect to the maximum cable 
length but it specifies the maximum line capacitance to be less than 2500pF with a load 
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impedance of 7 kΩ. Based on this, an estimate for the maximum length paired/twisted 
wire is 20 meters. 
UART specification defines RS232 as single ended, meaning it is not based on a 
differential bus voltage, and unidirectional point-to-point interface. This standard is not 
suited for establishing a communication network.  
2.2.2 General Purpose Instrumentation Bus, GPIB 
In 1960 Hewlett Packard developed a communication bus called HP- Instrumentation 
Bus, or HPIB, which later was reproduced by other industries renaming it as General 
Purpose IB. The GPIB is a parallel communication bus except for a few serial 
communication features used by some control and handshaking lines. It offers a 
connection speed as high as 1MBytes/s in its original standard.  In 2003 the upgrade of 
IEEE 488.1 standard was released that allows buses to transfer data at speeds as high as 8 
MBytes/s [45]. It requires a total of 24 connection lines, which includes bidirectional data 
lines, handshaking signals, control signals, and ground lines. Device addressing is limited 
to 15 devices and one must be a master [21][57].  
Devices on the network assume one of the following three roles at a time. 
1. Controller, which enables/disables devices. 
2. Talker, which sends data to another device. 
3. Listener, which receives information from Talker. 
The devices can keep changing their form over the time. Although devices keep passing 
control from one to the other there can be only one controller at any given time. The 
controller makes decision as to which device becomes active, meaning which device 
talks, which listens, which un-talks and which un-listens. There are some hard-coded 
functionalities which are not alterable by the controller. A 5 bit BCD is soft coded into 
the devices to assign its address. 
Data bits: The 8 data bits for GPIB are bidirectional in nature. DIO1 through DIO8 data 
bits are shared by all the devices on the bus. 
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Handshaking: 3 bits for handshaking are Data Valid (DAV), Not Ready for Data (NRFD) 
and Not Data Accepted (NDAC). The active talker controls DAV to inform whether data 
bits are available or not, while the listener(s) control NRFD and NDAC to let the talker 
know if the sent data were accepted. 
Control: There are 5 control bits which are used for the communication of control, status 
and error information among the devices. End-Or-Identify (EOI), Interface Clear (IFC), 
Service Request (SRQ), Attention (ATN) and Remote Enable (REN). ATN indicates 
whether the value is a data or an interface message. 
The total length of all the cables used is less than or equal to 2 meters times the number 
of devices connected together up to an absolute maximum of 20 meters. For example, if 
two devices are connected the maximum length is 4 meters but if 11 devices are 
connected the maximum length is limited to 20 meters [21]. 
2.2.3 Inter Integrated Circuit, I2C 
In the early 1980's Philips Semiconductors developed a communication standard 
targeting serial connection between Central Processing Units and the peripheral chips in 
TV-sets. This standard interconnects integrated circuit chips through a pair of 
communication lines. 
I2C is a synchronous communication standard in which one or more of the connected 
devices provide clock to the remaining devices in the network. It uses two signal wires, 
known as Serial Data (SDA) and Serial Clock (SCL), and a ground wire. 
Each device connected to the bus carries a unique address. A master-slave relationship 
exists between the devices at all the times; masters can operate as master-transmitters or 
as master-receivers and same applies to the slaves [1]. 
In 1992 Philips released Version 1.0 of the standard, which replaced the previous 7 bit 
addressing by 10 bits. It also specified the slope control and input filtering standard for 
fast-mode devices in order to improve Electromagnetic Compatibility (EMC). In 1998, 
Version 2.0 was released and it offers a hi-speed mode that allows up to 3.4Mbps. The 
current version is 2.1 and it offers additional auto correction features during failures. 
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2.2.4 Local Interconnect Networking, LIN 
LIN specification was originally developed based on the commonly available UART 
hardware; this was done deliberately to bring the cost of implementation down [50]. This 
protocol is based on single master and multiple slaves networking architecture.  
LIN version 1.1 was released in 1999 and since then the specification has evolved to 
version 2.1 [56], which also makes provisions for significant additional diagnostics 
capabilities. 
The LIN-Master uses one or more predefined scheduling tables to start the sending and 
receiving process. LIN Frame consists of two parts, the header and the response. The 
header shown in Figure 1 is always sent by the LIN Master, while the response is sent by 
only one dedicated LIN-Slave. 
 
Figure 1: LIN Message Frame 
LIN data are transmitted serially as eight bit data bytes with one start and one stop-bit and 
no parity. The standard defines 20 kbps as the maximum achievable speed. 
The baud rates in LIN are adjusted by negotiating there slaves use Sync byte, a sequence 
of ‘0’s and ‘1’s sent by the master, to calculate and adjust their bit timing and rate. 
2.2.5 Controller Area Networking, CAN 
Controller Area Network is a serial communication standard designed to work in a noisy 
environment. It supports up to 1Mbps communication speed over a distance of 40 meters. 
Maximum distance that can be covered using CAN is 1000 meters. It was designed in 
Germany during 1980 by a company named Robert Bosch GmbH, mainly for automotive 
applications [16]. It has found applications in other areas of the industry. Unlike LIN, 
I2C, SPI and even GPIB, it does not follow master-slave communication architecture, 
making it more appropriate for agent based communication. CAN standard is equipped 
with a number of autonomous error detection mechanisms, making it reliable as a 
networking solution even within noisy environments. In many applications, other smaller 
networks like LIN, I2C and SPI have been used as sub-network for CAN. 
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CAN hardware is built on a three-layer architecture and a 4th layer on top of the hardware 
is the application layer [48]. These layers do not exactly follow the ISO’s Open System 
Interconnection (OSI) model. The top two layers among the three layers are the Object 
Layer and the Transfer Layer. Looking at ISO/OSI model, these two layers, collectively, 
can be considered equivalent to the data link layer. The bottom layer is the transfer layer, 
which performs tasks like message framing, arbitration, and error handling. 
The physical layer defines the electrical properties for the actual bit transfer between 
nodes. This layer defines voltage level for the electrical connection and also the bit 
timing. CAN physical layer uses a pair of differential lines to transmit messages among 
the nodes. 
Several different higher layer protocols have been developed using CAN as the physical 
and transportation layer. These application specific protocols have set forward standards 
like DeviceNet, NMEA 2000, and CANopen. DeviceNet is a scaled down version of 
ControlNet, which connects higher-level devices such as programmable controllers to the 
simple industrial devices like sensors and actuators [12]. NMEA 2000 was developed 
under the initiative of National Marine Electronics Association (NMEA). This standard 
targets data communication among marine electronic devices such as depth finders, chart-
plotters, navigation instruments, engines, tank level sensors, and GPS receivers [29]. 
CANopen was released in 1995 under the chairmanship of Bosch and developed for 
applications of motion-oriented machine control networks. Its application has expanded 
to several different areas lately. Currently CAN in Automation (CiA) maintains the 
protocol and offers specifications for the CAN application layer [8]. 
Message Format 
An extended CAN frame uses 29bit arbitration, data bytes, and CRC. The breakdown of a 
CAN frame is shown in Figure 2. 
 
Figure 2: CAN Message Frame 
SOF (start-of-frame) bit -- indicates the beginning of a message with a dominant bit 
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Arbitration ID -- identifies the message and indicates the message's priority. Frames 
come in two formats: standard, which uses 11-bit arbitration ID, and extended, which 
uses a 29-bit arbitration ID. 
SRR (substitute remote request) -- SRR bit is always transmitted as a recessive bit to 
ensure that, in the case of arbitration between a Standard Data Frame and an Extended 
Data Frame, the Standard Data Frame will always have priority if both messages have the 
same base (11 bit) identifier. 
IDE (identifier extension) -- This bit allows differentiation between standard and 
extended frames 
RTR (remote transmission request) bit -- serves to differentiate a remote frame from a 
data frame. A dominant (logic 0) RTR bit indicates a data frame. A recessive (logic 1) 
RTR bit indicates a remote frame. 
DLC (data length code) -- indicates the number of bytes the data field contains 
Data Field -- contains 0-8 bytes of data 
CRC (cyclic redundancy check) -- contains 15-bit cyclic redundancy check code and a 
recessive delimiter bit. The CRC field is used for error detection.  
ACK (acknowledgement) slot -- any CAN controller that correctly receives the message 
sends an ACK bit at the end of the message. The transmitting node checks for the 
presence of the ACK bit on the bus and reattempts transmission if no acknowledgement 
is detected. 
EOF (end-of-frame) bit – marks the end of a message. 
Relationship between bus length and baud rate 
The arbitration in CAN communication requires that the front wave of the first bit of the 
message make a round trip to the end of the network before the bit is designated by the 
receiver of the sending node as dominant or recessive.  The sampling is performed at two 
thirds of the bit width.  If a twisted pair is used the typical propagation time is considered 
to be 5 ns per meter [52].  Other things to be considered are amplitude loss due to the loss 
mechanism of the cable and the input impedance of the bus transceiver.  An inverse 
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relationship exists between the distance and the baud rate of the CAN message.  Table 1 
Maximum Signaling Rates for Various Cable Lengths  gives an estimation of 
maximum signaling rates versus length for most of the transceivers, CAN cables, and 
connectors. 
Table 1 Maximum Signaling Rates for Various Cable Lengths 
Signal Speed (Kbps) Bus Length (meters) 
1000 30 
500 100 
250 250 
125 500 
62.5 1000 
ISO 11898 standard specifications recommends a maximum bus length of 40 m, 
maximum stub length of 0.3 m, and a maximum of 30 nodes. 
USB to CAN converter marketed by Grid-Connect provides a way to link CAN bus to the 
PC.   Provided with the necessary drivers and the basic CAN software, this is a ready to 
use device.  Figure 3 shows the PCAN USB and the DB9 connector.  This converter can 
be used to send messages to the testbed directly from a PC. 
 
Figure 3: PCAN-USB and DB9 Connector 
2.2.6 Summary on communication 
An agent based distributed control requires that all agents are able to communicate 
independently with neighboring agents. Fast reaction time with the ability to transmit 
information without requiring a token or permission can be considered as an important 
criterion in an agent based environment. SPI, I2C and LIN offer master-slave 
communication only. GPIB is based on a parallel data interface and requires bulky 
interface hardware. CAN offers truly multi-master communication standard through a 
pair wired differential bus. 
USB Cable Activity Indicator
CAN Connector 
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2.3 Development System 
At the end of the last decade, the world saw a rapid development in the embedded 
controllers market place. Different versions of microcontrollers and digital signal 
processors were developed targeting different levels of applications. Digital controllers 
are still shrinking in size and power consumption yet providing more processing power 
and features. Today resources like analog to digital conversion, pulse width modulation, 
interrupts, timers and communication interfaces are very well integrated within a single 
chip reducing time and cost of development among other benefits. 
2.3.1 Development Board 
MC9S12C32 are HC-12 core 16-bit microcontrollers with a fixed point processor that can 
work at up to 25 MHz clock speed. Figure 4 summarizes resources made available by the 
processor [19]. 
 
Figure 4: MC9S12C32 Microcontroller Overview. 
CSM-12C32 is a MC9S12C32 based development board manufactured by Axiom 
Manufacturing [3]. This board offers on-board voltage regulator and a RS232 voltage 
level converter. It also offers two user programmable push-buttons and two user 
programmable LEDs. As many as thirty input and output lines are made available 
through a 40 pin connector. 
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Figure 5 shows the 2½” X 1½” development board. A DB-9 connector is available for RS-
232 serial port and CAN and SPI are made available at the connectors. 
 
Figure 5: CSM-12C32 and Pin Outs. 
2.3.2 Integrated Development Environment 
Integrated Development Environments have been in the market for a long time now. 
They make the development process faster and efficient by integrating all code 
development needs into one package. Some of these IDEs offer features that allow 
developers to implement their concept even without having a detailed knowledge about 
the architecture of the processor itself. 
Freescale makes available a version of CodeWarrior IDE to program their MC9S12C32 
microcontroller. This is a fully integrated development environment, which includes 
simulation, in-circuit debugging and features like “Processor Expert” [20] [21] [26]. 
Processor expert provides a pre-written library as well as initialization codes for most of 
the resources available in the processor. Processor expert provides a drag-and-drop 
environment and the user has to write application specific portion of the code only. 
Mathworks has done one step further by providing a user friendly development 
environment. MATLAB/Simulink allows, through integrated embedded target 
development tools, a graphic drag-and-drop programming interface for developing real-
time embedded applications [53]. 
RS232
MC9S12C32 
Regulator 
MAX232 
SW2
DC Input 
SW1
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2.3.3 Integrated Simulink Development Environment 
Coupled with Real-Time Workshop and the embedded target development for Motorola 
HC12 toolbox, Simulink can automatically generate C code for real-time embedded 
applications. As the efficiency and flexibility of the code improves, this is becoming 
more widely adopted for rapid prototyping and even production systems. 
Real-time Workshop uses the Target Language Compiler (TLC) to generate target 
specific C codes [30]. TLC provides an open environment for incorporating customized 
code to improve algorithms and code efficiency or size. A TLC file corresponding to a 
Simulink block includes the header and the parameter information taken from the 
Simulink block GUI (see Fig. 6). 
 
Figure 6: Code Generation Process Flowchart. 
A model file with the .rtw extension contains very high-level language semantics for a 
Simulink block. TLC uses these .rtw files to generate a project in C or C++ by using 
template makefiles. Template makefiles contain all the appropriate C or C++, compiler, 
and compiler options information for the build process. 
TLC uses its library of functions to transform two classes of target files: system target 
files are used to specify the overall structure of the generated code, while the block target 
files are used to implement functionality of individual Simulink blocks, including user-
defined s-function blocks. Block target files can fully inline block functionality into the 
body of the generated code. 
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TLC generates “inlined” code for most of the library blocks. Inlined code is more 
efficient as they use simpler direct code segments and techniques. Without TLC, S-
function methods would be generated to initialize, run, and terminate a block making 
them bigger in size and slower to run. The advantage of “inlined” code can be 
demonstrated with the following example [54], 
In this Simulink model a bitwise operator is connected to the output of an adder.  
 
Figure 7 show the code generated using TLC. There is no initialization or setup code 
required for this block if the code is inlined. 
/* Bitwise Logic Block: <Root>/Bitwise Logical Operator */ 
rtb_temp2 |= 0xF00F; 
Figure 7: Inlined Code 
The code generated for the bit-wise operator block reuses a temporary variable that is set 
up for the output of the sum block to save memory. If this block is not inlined, the source 
code for the S-function itself with all its various options would have been added to the 
generated code base as shown in Figure 8. 
/* Level2 S-Function Block: <Root>/Bitwise Logical Operator 
(sfix_bitop) */ 
{ 
SimStruct *rts = ssGetSFunction(rtS, 0); 
sfcnOutputs(rts, tid); 
} 
Figure 8: Noninlined Code. 
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Chapter 3  HARDWARE DESIGN 
This chapter addresses the converters topologies, control design, and implementation of 
the shipboard power system testbed.  
3.1 Introduction 
The shipboard power system is a combination of AC and DC power distribution 
components. The larger loads are electrically closer to the generators but use AC/DC 
converters for improved performance. One of the large loads is the propulsion drive, 
which consumes a major part of the on-board power. Pulsed power loads are short in 
duration but require a very high energy density and are also connected to the AC bus 
through converter technology. Other loads on the shipboard are supplied using a DC 
distribution system. AC-DC, DC-DC and DC-AC power converters are therefore 
fundamental components and form the backbone of the DC distribution system. A DC-
DC converter acts like a transformer in an AC system. There are several topologies 
available to implement DC-DC conversion and they all come with some advantages and 
disadvantages [35]. 
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Figure 9: Testbed Components 
Figure 9 shows the block diagram of the hardware prototype. The cascaded converters 
provide power to the main DC and Zonal buses. To make the design compact, non-
isolated topology is selected for all the DC-DC conversion needs. Motor drives are built 
using IGBT based 3-phase bridges. Separate microcontroller units (MCU) are employed 
to control each of these devices. Functions that can establish communication with and 
implement decisions made by Reconfiguration Agents (RA) and Command and Control 
Center (CCC) reside in each of these MCUs on the testbed. This decision implementing 
portion of the hardware is called the Implementation Agent (IA) [42]. IAs are located at 
sensors and actuators throughout the testbed and integrated with the hardware. 
Reconfiguration layer agents are software components and executed on computers 
running the reconfiguration algorithm. 
Along with the IAs, the MCUs are also programmed to be dedicated controllers. These 
controllers perform real-time voltage regulation and include current and power limiting 
functionality, depending upon the requirements of the device being controlled. 
The zonal architecture and its desired reliability level require that at least two Shipboard 
Service Converter Modules (SSCM) provide power to the zonal bus. This arrangement 
provides several configuration options by providing a number of power routing paths. A 
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zonal bus in Figure 9 is connected to a pair of such converters. “ORing” diodes are used 
at the output of these converters to block reverse current flows. 
3.2 Selecting Operating Voltages and Currents 
One of the most important criteria to consider while building a testbed for general use is 
safety. For an electric testbed safe voltage levels are important and need consideration. 
Occupational Safety and Health Administration (OSHA) sets guidelines for voltage 
safety limitations. OSHA guidelines consider voltages under 50V safe in all conditions 
[40]. Voltages under 500V can still be considered non lethal under dry conditions [9]. 
Looking at the workplace safety, electric current below 6 mA is not considered lethal. 
Under dry conditions or standing on insulated floor, typical body resistance is 100 kΩ. A 
wet body or wet ground can reduce the resistance bringing body-to-ground resistance 
below 10 kΩ. 
Conduction losses in a buck converter occur due to the drop across the on-resistance of 
the MOSFET. Hence, losses are a function of the square of the load current and the 
output to input voltage ratio, while its dynamic losses are a function of load current, input 
voltage, rise, and fall time. Input voltages have been selected for most of the converters 
here, at least 15V above the desired output voltages, to keep large enough margins for 
regulation and control and conduction losses. Maximum achievable line to line voltage 
for the motor drives can be directly calculated by using, Vdc/(2√2). Figure 10 shows 
selected voltages for different testbed buses.  
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Figure 10: Voltage Assignment and Estimated Current 
3.3 Power Supply 
The Power Supply (PS) is based on 3-phase rectifier at its input and non-isolated step-
down DC-DC converter at the output. The converter comprises of a MOSFET based high 
side switching regulator. The output of the converter uses a passive low-pass filter built 
using an inductor and a capacitor. The power supply integrates two such converters and 
these operate from the same rectified power source. Figure 11 shows a basic line diagram 
of a power supply. 
Optically isolated gate drive circuits must be used as the converters are non-isolated 
while at the same time the microcontrollers use a non-isolated communication network. 
The isolated drive circuit is designed to float at the potential of the MOSFET’s source. A 
pulsed transformer can be used to drive the gate of the MOSFET; however, it requires a 
high frequency step-up transformer, which would burden the MCU output with a heavy 
load at lower frequencies. Instead, this testbed adapts an active gate drive circuit in which 
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current does not vary with the switching frequency. This design gives more freedom in 
selecting a switching frequency without worrying about exceeding the current rating.  
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Figure 11: Power Supply Line Diagram. 
3.3.1 Selection of Switching Device 
Based on controllability, switching devices can be classified into three main groups: un-
controllable by switching signals, partially controllable by switching signals, and fully 
controllable by switching signals. Diodes fall under the first category because they do not 
have any control signal input. Thyristors fall under the second category, which can be 
turned on by a signal but turning off requires special arrangements. GTO, BJT, MOSFET 
and IGBT fall under the last category and provide full control over their switching 
[35][34]. The latter category can be further sub-divided into isolated and non-isolated 
input devices. Drive power requirements for non-isolated devices are much higher than 
for isolated devices like MOSFET and IGBT. MOSFET provides better frequency 
performance while IGBT is the better choice for high voltage applications. All of the 
DC–DC converters on the testbed operate at frequencies higher than 25 kHz making 
 22
MOSFET a better choice [37]. Motor drives, however, use IGBT as they operate at lower 
frequency than the converters.   
3.3.2 Selection of Switching Frequency 
An important aspect to consider while selecting switching frequency is the losses in the 
semiconductor devices. MOSFET switching losses are given by equation (1). 
( ) ( ))()(21 offconcLoutinSwLoss ttfIVVP +⋅⋅⋅−=  (1) 
Considering the output voltage (Vout), input voltage (Vin), inductor current (IL), and the 
crossover intervals (ton and toff) to be constant, the switching losses have a direct 
relationship with the switching frequency [35].  Typically, the modern switching 
MOSFETs have ton and toff in the order of 100ns. Therefore, a switching frequency of 
100kHz keeps the switching losses below 1% of the delivered power. Any frequency 
below 100kHz will produce less switching losses. 
A higher switching frequency is desired as it reduces the size of filter elements in the 
circuit. However, it also increases the switching losses as already explained. Hence, a 
higher frequency would cause an increase in the size of the heatsink. Consequently, a 
balance between those two properties has to be found. Typically frequencies between 25 
and 50 kHz offer the best tradeoff between size of heatsink and size of filter elements. 
Going higher than 50 kHz offers only marginal advantages [40]. 
The frequency is also limited by the ability of the MCU platform used to implement the 
controls. A desired frequency may not be achievable by the microcontroller. Considering 
16MHz bus clock for the Freescale’s MC9S12C32 microcontroller, a summary of 
possible PWM frequencies using A, B, SA and SB clocks is listed in Table 2 [55]. 
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Table 2: Clock Speed vs PWM Frequency for MC9S12C32 
Prescaler Clocks A, B Clocks SA, SB
1 31.250 kHz 122.070 Hz
2 15.625 kHz 61.035 Hz
4 7.813 kHz 30.518 Hz
8 3.906 kHz 15.259 Hz
16 1.953 kHz 7.629 Hz
32 976.563 Hz 3.815 Hz
64 488.281 Hz 1.907 Hz
128 244.141 Hz 0.954 Hz
A PWM frequency higher than 31.25 kHz can only be achieved at the cost of loosing 
resolution. A 62.5 kHz PWM will only offer 7 bit resolution for the PWM and it keeps on 
decreasing until 8 MHz when the PWM will be left with 1 bit resolution. 31.25 kHz is the 
best frequency for the testbed considering all the aspects stated above. 
3.3.3 Selection of Inductor 
Buck converter can be operated in the continuous or discontinuous mode. Control in the 
continuous current mode, or CCM, is more stable as it does not require capacitor current 
during steady state operation. When the converter is lightly loaded causing the inductor 
current to decrease, the converter could run into discontinuous mode. Inductor can be 
selected to set the boundary between continuous and discontinuous mode. Here the 
inductor can be chosen to operate in CCM. Considering this as the criteria, inductor value 
can be selected by using equation (2). 
( )
SLNinN
outoutinN
fIV
VVVL ⋅⋅⋅
⋅−=
2
 (2) 
Considering a nominal input voltage of 97V and an output voltage of 84 V, a load current 
of 0.9 A, switching frequency of 31.25 kHz, the required value is 200 uH. The higher the 
inductor value the more it guarantees CCM operation. Inductor currently used in the 
converters is 270uH with ±20% tolerance, a DC resistance of 0.75 Ω and a maximum 
current carrying capacity of 0.90 A. 
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3.3.4 Selection of Capacitor 
The output voltage ripple is defined by the capacitor value and its selection is important 
to minimize ripple voltage. The two important capacitor parameters to be considered are 
the capacitance and the equivalent series resistance (ESR). The third parameter the 
equivalent series inductance (ESL), does not become significant unless the frequency is 
in the order of 100kHz. ESR helps with respect to controller stability by providing 
damping at higher frequencies. ESR in large capacitors is significant for frequencies as 
low as 10kHz. ESR is inversely proportional to capacitance.  For aluminum electrolytic 
capacitors it can be roughly estimated by dividing 5x10-5 by the value of capacitance in 
farads [46]. 
The ripple voltage is the drop across ESR, which can be determined by multiplying ESR 
with the ripple current. Ripple voltage can be brought down by choosing capacitors with 
low ESR. Rise in current within 50% duty cycle (½T time) can be estimated, using the 
following equation. 
( )
L
TVVI outinN
2
⋅−=∆  (3) 
Using known values of VinN, Vout, T, and L, ∆I is calculated to be 0.83 A. In order to bring 
the ripple voltage below 4 V (5%), a capacitor with an ESR below 1 Ω is required. The 
following relationship between C and ESR can be used to estimate the capacitance [36] 
ESR
C ⋅= ω
δtan
 (4) 
where tan δ is the dissipation factor and ω is the frequency. The aluminum capacitor used 
is 330uF at 250V with an ESR of 0.8 Ω at 120Hz [39]. 
3.3.5 Selection of Voltage and Current Sensors 
Accuracy of sensors is important for the performance of components and the overall 
system. Non isolated sensing techniques including voltage dividers and current shunts are 
not suitable for cascaded or largely integrated systems, while isolated ones may be bulky 
and expensive or may degrade linearity and add offset. As the controllers must share a 
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global ground due to the non-isolated nature of the CAN communication link, isolation is 
required between the power electronics and the controllers. 
Isolation can be achieved in several ways. With an isolation amplifier some significant 
non-linearity and offset can be expected and need to be compensated. With voltage 
source sensors, calibration may be required for the voltage losses incurred during signal 
transmission. Linear opto-isolators are available but requirement to meet the diode 
forward voltage makes them an unsuitable choice for low signal applications. A better 
way is the use of isolated sensors. 
Hall-effect sensors with current source output are available with a precision of up to 
±0.5% and linearity of ±0.2%. Use of such sensors reduces the number of external 
components and allows for a more compact design and also reduces possible points of 
failures. 
An advantage of having a current output sensor is the omission of signal losses due to 
cable resistance. Signal can be transmitted or rectified without losses and current signals 
also offer better noise immunity. LEM produces small hall-effect sensors with a typical 
isolation voltage of 1.7kV. Both, current and voltage sensors are based on current 
transformation. These sensors have fixed output to input ratios known as conversion ratio 
[27]. A 10mA sensor in combination with proper current limiting resistor acts like a 
voltage sensor. 
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Figure 12: Hall Effect Voltage Sensor. 
Figure 12 shows the voltage sensor and the ADC connected to a voltage source through a 
current limiting resistor. The LV 25-NP datasheet recommends that a 200 Ω resistor be 
used between the output and ground for the sensing [28]. If the ADC output value (Val) is 
known, measured voltage can be determined by using equation (5). 
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Val
RCR
VR
V bitADC
M
refADCS
mea ⋅⋅⋅
⋅= −−2  (5) 
Where, the reference voltage of the ADC (VADC-ref) is 5V, conversion ratio of the hall-
effect sensor (CR) is 2.5, measurement resistor (RM) is 200, and the number of ADC bits 
(ADC-bit) is 8. Using these values the equation (5) can be simplified to equation (8).   
ValRVin ⋅= 25500  (6) 
Value of the resistor (R) can be chosen to suit the voltage range to be measured. 
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Figure 13: Hall Effect Current Sensor. 
Figure 13 shows the current sensor and ADC connected to a current carrying conductor. 
The LA 25-NP datasheet also recommends a 200 Ω as the output resistor [28]. If the 
ADC output value (Val) is known, measured current can be determined by using the 
equation (7). 
Val
R
CRV
I bitADC
M
refADC
mea ⋅⋅
⋅= −−2  (7) 
Where, the reference voltage of the ADC (VADC-ref) is 5V, measurement resistor (RM) is 
200, and the number of ADC bits (ADC-bit) is 8. The conversion ratio of the hall-effect 
sensor (CR) varies with the selection of sensors. Using these values equation (7) can be 
simplified to equation (8). 
ValCRI in ⋅= 10200  (8) 
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3.3.6 Optical Isolation and Drive Circuit 
A MOSFET, being an insulated gate device, has a very high input impedance. Most of 
the MOSFET datasheets specify nano-amps of DC leakage current between gate and 
source. However, the parasitic capacitance between the gate and the channel as well as 
along the channel makes the AC drive current higher at higher frequencies. An AC 
applied at the gate sees Ciss, the input capacitance across gate to source and Crss, the 
reverse transfer capacitance across gate and drain [46]. 
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Figure 14: MOSFET Gate Driver Turned-On and Turned-Off Mode of Operation. 
A gate resistance is required in order to limit gate current. A high gate current, however, 
increases switching losses. Another aspect to consider while driving a MOSFET is that 
the drive must meet the drive voltage requirement of the MOSFET, typically 10V. 
An opto-isolator can be used to isolate controller from the gate drive circuit. An opto-
isolator with Schmitt trigger output will be required to further reduce switching losses by 
providing sharp switching signals to the gate. HCPL 2211, manufactured by Hewlett 
Packard, offers good switching performance at all voltage levels by using hysteresis and a 
good slew rate performance [23]. This opto-isolator is specially designed for use with 
gate drives and it offers a Schmitt trigger NAND gate at the output. It can be operated 
from a power supply of up to 20V. The datasheet specifies the LED turn-on current is 0.8 
mA and turn-off current of 0.7 mA. The opto-isolator LED is connected to the output of 
the MCU, which is capable of sourcing or sinking up to 25 mA current [32] on its IO 
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lines. To obtain the LED forward current of 1 mA @ ~1.43V, a resistor of 3.57 kΩ or 
smaller should be used. 
Gate drive is one of the most important parts of the design as it contributes to the 
switching performance, which is reflected in the switching losses of the converter. The 
optimal value of gate resistor is the one that gives maximum current without exceeding 
absolute maximum rating of the gate drive. Gate to source and gate to drain capacitance 
play important roles while sizing the gate drive circuit [3].  
Figure 14 shows the connections within the drives during turn on and turn off modes. A 
turn off applies a positive voltage at the gate with respect to the source. During a turn off, 
a negative voltage is applied at the gate with respect to the source, allowing a faster 
discharge of the Ciss capacitor and hence providing a rapid turn off reducing switching 
losses. 
The designed gate drive uses ±15 volts, which is half of the gate-to-source breakdown 
voltage. Highest amount of current occurs while discharging the reverse capacitance, Crss. 
At this time, Ciss will have been charged at Vmiller. 
Gate resistance for this discharge can be expressed by the following equation 
( )
drv
millerdrv
G RI
VVR −−=
max
 (9) 
Drive voltage Vdrv is 30 V and the Miller voltage, Vmiller, as obtained from the datasheet, is 
6 V. Maximum rated current for the driver is 1.5 A. The driver’s output impedance, Rdrv, 
has been specified in the datasheet as 7 Ω, hence the smallest value of RG without 
exceeding the maximum current rating of the driver is 9 Ω. 
3.3.7 Power Good Signal 
A power good signal is added to let the converter verify whether it is receiving acceptable 
amount of voltage from the preceding converter. The converter is disabled unless an 
acceptable voltage level is seen at the input. An optically isolated NAND gate featuring 
hysteresis is used to generate a logic low voltage when the bus voltage reaches the 
acceptable level. A 0.8 mA current is required to turn on the LED in the H11L3M opto-
 29
isolator, which can be produced by a voltage divider arrangement [15]. Potentiometer is 
used in the design to make the system testable at different voltage levels.  
3.3.8 CAN Interface and Plug-In Board Schematic 
CSM-12C32 module from Axiom Manufacturing contains an RS-232 level converter but 
does not include CAN driver. Hence a separate board is built with a 40 pin connector to 
plug-in the CSM-12C32 module. This board includes a 15V to 5V regulator along with 
filter capacitors and the SN65LBC031 chip as a non-isolated differential CAN bus driver 
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Figure 15: Schematic of MCU Plug-in Board and CAN Driver for Power Supply 
The main converter board contains filters for feedback signals. Since the switching 
frequency of 31.25 kHz is high compared to the sampling frequency of 100 Hz, a 20dB 
per decade RC filter has been used. 
Table 3: Table of Pin Assignment for Power Supply MCU Board. 
Pin name Pin number Allocated for 
PT0/PW0/IOC0 13 Pulse Width Modulation A 
PT1/PW1/IOC1 15 Pulse Width Modulation B 
PAD00/AN00 18 Voltage Sense A 
PAD01/AN01 20 Current Sense A 
PM1/TXCAN 26 CAN Xm’t 
PM0/RXCAN 28 CAN Rc’v 
PAD02/AN02 29 Voltage Sense B 
PT2/PW2/IOC2 30 Power Good Signal for A 
PAD03/AN03 31 Current Sense B 
PT3/PW3/IOC3 32 Power Good Signal for B 
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Figure 16: Detailed Schematic of Power Supply. 
Two separate converters are connected to a single rectifier block and a single MCU 
controls them. Table 3 summarizes the allocation of MCU pins. 
3.3.9 Controller 
The sampling time plays a very important role in the stability of digitally controlled 
systems. The sampling frequency must be at least twice the highest frequency contained 
in the spectrum of the sampled signal. A faster operating digital controller allows a better 
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response time. A high frequency sampling, compared to the frequency of the signal to be 
sampled, requires a higher resolution ADC to keep the advantages. Otherwise it only 
adds to the computational overhead. 
Closed-loop controllers are error based feedback controllers. Here the desired value r(t) 
is compared in a recursive loop with the actual value y(t) and the difference is termed 
error. Based on this error e(t) = r(t) − y(t), controller generates control action u(t), which 
minimizes the error. Proportional-Integral controllers are most frequently used for 
controls. The following two points should be considered: the proportional gain amplifies 
the error signal and helps reduce steady state error but a high gain can make the system 
unstable, the integral gain integrates the error signal and holds the value. It is the only 
part which can carry an output for a zero input. Therefore only an integral component can 
eliminate steady-state errors completely. Yet, an integral action may slow down the 
system as old values need to be relieved first. Also an integral action increases the order 
of the system and can cause instability. 
The linear transfer function of a PI controller is given by the equation (10). 
s
K
K
sE
sU I
P +=)(
)(  (10)
Where, KP is the proportional gain and KI is the integral gain.  
Figure 17 shows the Simulink model for the power supply controller. Two independent 
power supplies are controlled using a single MCU. For each power supply, the inner 
current control uses the output signal of the outer voltage loop as reference input. Current 
is varied to control the output voltage level.  When the voltage controller’s output reaches 
the upper saturation level, also shown in Figure 17, the controller changes to current 
control mode. During this mode, voltage is allowed to drop below the set-point in order 
to maintain current at the maximum limit. 
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Figure 17: Simulink Model for Power Supply Controller. 
This limit is set just above the overload cutoff to ensure that the power supply does not 
operate in current limiting mode for too long. The short circuit current level is set high 
enough to ensure the controller does not trigger false short circuit cutoffs. The following 
table summarizes the parameters available for the controllers. It also lists whether the 
parameter is modifiable or readable only through CAN interface. 
Table 4: Power Supply Controller Parameters. 
Available Parameter Name Values 
Readable and Modifiable: 
On-off mode flag for Power Supply A 0 – 1 
On-off mode flag for Power Supply B 0 – 1 
Voltage set-point for Power Supply A 0 – 255 
Voltage set-point for Power Supply B 0 – 255 
Overload/short circuit reset flag for Power Supply A 0 – 1 
Overload/short circuit reset flag for Power Supply B 0 – 1 
Readable only: 
Output voltage of Power Supply A 0 – 255 
Load current of Power Supply A 0 – 255 
Output voltage of Power Supply B 0 – 255 
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Load current of Power Supply B 0 – 255 
Internal: 
Proportional gain of the PI voltage control for Power Supply A 1 
Integral gain of the PI voltage control for Power Supply A 100 
Integral gain of the PI current control for Power Supply A 10 
Current set-point for Power Supply A 80 
Controller saturation upper limit for Power Supply A 255 
Controller saturation lower limit for Power Supply A 0 
Overload cutoff limit for Power Supply A 70 
Overload cutoff delay for Power Supply A 200 
Short circuit cutoff limit for Power Supply A 100 
Voltage scaling factor for Power Supply A 8 
Current scaling factor for Power Supply A 8 
Power good status for Power Supply A 0 – 1 
Proportional gain of the voltage control PI for Power Supply B 1 
Integral gain of the voltage control PI for Power Supply B 100 
Integral gain of the current control PI for Power Supply B 10 
Current set-point for Power Supply B 80 
Controller saturation upper limit for Power Supply B 255 
Controller saturation lower limit for Power Supply B 0 
Overload cutoff limit for Power Supply B 70 
Overload cutoff delay for Power Supply B 200 
Short circuit cutoff limit for Power Supply B 100 
Voltage scaling factor for Power Supply B 8 
Current scaling factor for Power Supply B 8 
Power good status for Power Supply B 0 – 1 
3.4 Motor Drive 
This drive is intended at running a 3-phase induction motor from a DC source. It is based 
on a 3-phase IGBT bridge converter topology, and controller provides variable frequency 
3-phase PWM signals to the IGBTs.  
The chosen design offers optical isolation between the control input and the power 
electronics. An additional programmable device is added to implement gate drive logic in 
order to safely operate complementary IGBTs without cross conduction.  
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Figure 18: Line Diagram of Motor Drive. 
Bootstrap diodes are used to drive high and low side IGBTs from the same power source. 
Current, voltage and speed sensors are provided for future developments including 
elaborative motor control schemes. 
3.4.1 Power Inverter Section 
The power section of the motor drive contains a 3-phase bridge inverter, which is 
connected to the DC voltage. The power section uses a 600V, 6A IGBT power module 
IRAMS06UP60A supplied by International Rectifier. This module offers a built-in gate 
protection logic, which disables both high and low side IGBTs if both the inputs are 
simultaneously enabled [24]. In this case the output voltage would be determined by the 
direction of current flow in the reactive load. 
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Figure 19: Integrated Power Module. 
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In addition to that, the design offers a programmable GAL chip so that additional gate 
protection can be implemented or improved in the future. Generic Array Logic (GAL) is 
a programmable device in which maxterm-minterm based Boolean equations can be 
programmed. 
This power module also offers “Itrip” which can be used if a direct over temperature 
shutdown is desired. A high on the input turns off the module by turning off all the 
IGBTs, leaving all 3-phase wires at floating state. 
3.4.2 Electrical Isolation and Gate Drive 
The controller provides PWM signals for the motor driver through optical isolators using 
HCPL2211. Just like mentioned in section 3.3.6, this opto-isolator offers Schmitt trigger 
with a better slew rate performance, and up to 1.4 kV isolation. 
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Figure 20: Bootstrap Diode Arranged for High Side MOSFET Driving. 
The source pins of high and low IGBTs float at different potentials, making it essential to 
have isolated drive voltages for high and low side switches. Bootstrap diodes are used to 
charge a floating capacitor for the high side IGBT. The C4 capacitor charges through D4 
diode, when M_L IGBT turns on. The stored voltage floats with respect to the power 
ground when M_L turns off. The capacitor voltage is always tied to the source of the high 
side IGBT providing the gate drive power. The programmable GAL chip provides 6 
PWM outputs for the 6 different IGBTs. 
Cross-conduction can occur when both switches, coupled in series, are simultaneously 
turned-on. Dead time ensures that both switches fully turn-off during the transition first. 
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The Integrated Power Module (IPM) IRAMS06UP60A offers a built in gate protection 
logic. The datasheets for the IPM specify a dead-time of 290 ns [24]. 
 
Figure 21: Dead Time Generator for Complementary IGBT 
Additional dead time can be generated by using the circuit shown in Figure 21. Low side 
gate signal (Vl) turns off immediately after the input signal (Vi) goes high but the high 
side gate (Vh) takes about 150 ns to turn on. The delay can be generated by cascading 
logic gates or an RC circuit if an additional delay is required. 
3.4.3 Power Good Signal 
Motor drive monitors input DC bus voltage and provides a low signal to the controller 
when the bus voltage level is high enough for motor driving purpose. 
3.4.4 Schematics 
The motor drive uses three PWM outputs of the MCU to generate three phase signals. 
The programmable Generic Array Logic (GAL) chip generates PWM signals for the 
complementary IGBTs. Construction of the controller board has already been described 
in section 3.3.8. An analog input of the CSM-12C32 module is used as the speed set point 
command. 
PWM output of the module drives the 25W, 115V 3-phase induction motor. Capacitors 
C1 – C3, shown in Figure 23, provide drive voltage to the high side IGBTs using 
bootstrap diodes. Resistors R3 – R8 provide pull-up for outputs of the GAL chip. 
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Figure 22: Detailed Schematic of MC9S12C32 Plug-in Board for Motor Drive. 
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Figure 23: Detailed Schematic of Motor Drive. 
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3.4.5 Waveform Generation and Speed Adjustment 
Synchronous speed is the speed of the magnetic field in the stator of an induction motor. 
For a three phase motor, which has P number of pole pairs and is powered from a source 
of frequency f, synchronous speed ωs is given by, 
P
f
s
⋅= 120ω  (11)
For an induction motor, rotor speed ωr is always less than synchronous speed and the 
speed difference between rotor and stator is the slip. 
rssl ωωω −=  (12)
The slip depends on motor parameter such as the rotor resistance, and reactance, and load 
torque. Slip is inversely proportion to the square of supply voltage. An unloaded motor 
rotates at approximately synchronous speed. A variable frequency drive provides good 
speed adjustment for a low slip induction motor. 
Variable frequency drive for the project offers frequency variation between 0 and 71 Hz. 
A carrier frequency of 3.9025 kHz is selected to allow up to 64 pulses per cycle for up to 
61 Hz. Selected sampling period of 64 µs allows up to 4 samples per PWM pulse. 
Inverse Park Transformation is used to generate time varying 3-phase quantities from DC 
currents flowing in the two equivalent rotor windings d and q. Winding axis directly falls 
on the axis of the virtual d winding, and the q winding on the quadrature axis.  
0qdabc fKf ⋅=  (13)
Where, 
[ ]Tdqdq ffff 00 =  (14)
[ ]Tcbaabc ffff =  (15)
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And, 
)0()( θξξωθ += ∫ d  (17)
In order to generate three phase waveforms with fixed amplitude, direct axis can be 
chosen and quadrature axis can be set to zero. The magnitude and direction of the 
positive sequence component can be obtained by using equation (18). 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=∠+= −
d
q
dq V
V
VVVV 11
22
1 tan,  (18)
Setting Vq = 0, the positive sequence components are determined by equation (19) [31]. 
( ) ( )3232 sin,sin,sin ππ θθθ −=−== dbdbda VVVVVV  (19)
The Simulink model used to test performance of the variable frequency drive is shown in 
Figure 24. 
 
Figure 24: Simulink Model of Motor Drive Controller. 
Analog input is used as the speed adjustment command. A combination of gain and 
integrator provides more than 64 step increments between 0 and 2π for frequencies lower 
than 61 Hz. 
 40
The speed command is multiplied by the gain and integrated to produce angle for sine 
and cosine blocks. Output of cosine and sine blocks are used by the dq0 to abc block to 
generate a 3-phase signal. Sine and cosine blocks use normalized inputs and 2π is 
represented by the value ‘1’. 
Table 5: Motor Controller Parameters. 
Available Parameter Value
Frequency Set-point 0 – 255
Direct axis equivalent DC 1
Quadrature axis equivalent DC 0
Zero sequence equivalent DC 0
3.5 Pulsed Load 
The weaponry systems and radar onboard ships cause heavy pulse loading. The testbed 
also incorporates a pulse load to emulate the actual system. A Pulse Load (PL) is built 
around a constant current converter connected to a very low resistance load through 
capacitors. An additional high side MOSFET switch is added to facilitate the pulse load 
discharge command. The DC link between the converter and the switched load is 
connected to a bank of capacitors. 
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Figure 25: Line Diagram of Pulsed Load. 
The converter topology used for the Pulsed Load is same as used for SSCM. 
3.5.1 Selection of Pulse Frequency 
The pulsed load is more than 5 times any individual zonal load. A converter is installed at 
the input of the PL which charges a capacitor bank at a constant current at the beginning 
of the charging cycle. When the voltage set-point of the converter is met, it maintains a 
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constant voltage across the capacitor bank. Capacitor voltage can be obtained by 
integrating capacitor current over time. If the charging current is constant, voltage merely 
becomes a function of time. At any time t, the voltage VC(t) across the capacitor C 
charging at ICharging can be given by, 
( ) ( )0arg CingChC VtC
I
tV +⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛=  (20)
Where Vc(0) is the initial voltage of the capacitor. The selected 990uF capacitor can be 
charged up to 180 V in 890 ms if a constant charging current of 200 mA is applied. The 
voltage set-point being lower than 180 V occurs earlier than 890 ms and the converter 
switches into voltage regulation mode in the remaining time. Capacitor is supplied just 
enough current to meet the internal discharge and other leakage currents in the DC link 
during this mode. 
Load switch, M1, turns on for 120 ms, which exponentially discharges capacitor voltage 
until it reaches a value equal to R x ICharging. Because the time constant for 20 Ω load 
connected to the capacitor of 990 µF is 22 ms, the pulse discharge of 120 ms brings the 
link capacitor very close to a completely discharged state. If, for example, only a 10% 
voltage drop is desired for the same discharge time-span, it will require a 57 mF 
capacitor. 
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3.5.2 Schematic 
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Figure 26: MC9S12C32 Plug-in Board for Pulse Load. 
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Figure 27: Detailed Schematic of Pulsed Power Load. 
3.5.3 Controller 
In addition to the voltage and current controller using PI control as well as the overload 
and short circuit protection a periodic signal for triggering the pulse load is required. The 
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periodic switching pulse is generated using an integrator, which rolls over periodically. 
Figure 28 shows the Simulink model for the pulse generator. Voltage and current controls 
remain same as the power supply controller in section 3.3.9. 
 
Figure 28: Simulink Model of Pulse Generator for Pulsed Load. 
3.6 Shipboard Service Converter Module 
Shipboard Service Converter Modules (SSCM) supply zonal buses of the shipboard 
power system. The design of this converter module is based on a non-isolated step-down 
DC-DC converter. It is built around a MOSFET based high-side switching chopper. Most 
of the design of the power section for the PS, described in section 3.3, is applicable to the 
SSCM. 
SSCM, just like PS, adapts optical isolation gate drive and sensing circuits as shown in 
Figure 29. 
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Figure 29: Line Diagram of Shipboard Service Converter Module. 
This converter includes a diode at the output, which serves to block any backward flow of 
current in case of a higher voltage on the zonal bus. As the zonal bus is powered from 
converters on each of the two DC buses, there is a possibility that one converter is 
supplied from a higher voltage of another converter. 
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3.6.1 Selection of Output Filter Elements and Sensors 
As mentioned earlier, most of the designs of the PS are applicable to SSCM; a 
comparison has been made to see the effect of using similar component values. Using the 
same switching frequency as PS and a lower voltage difference between input and output 
in equation (3), a lower value inductance will be required for an SSCM. Whereas, 
keeping the same inductance value would further guarantee a continuous current mode 
operation. The ripple voltage of the output of a converter is proportional to the output 
ripple current. A reduced load current, when moving from PS to SSCM, assures smaller 
ripple voltage. 
A current sensor with smaller maximum current can be used here. The same voltage 
sensor but with a lower current limiting resistor can be used for the SSCM. 
3.6.2 Circuit Breaker 
RY1
Relay
ON/OFF
-IN
+IN
-OUT
D1
1N4001
+12V
CON1
.375"-4POS
+OUT
R2
100k
R1
1k
GND
GB
CON2
.100"-4POS
Q1
2N2222
 
Figure 30: Detailed Schematic of Circuit Breaker. 
Each converter module is associated with at least one breaker, which serves the purpose 
of connecting or disconnecting the DC line for reconfiguration purposes. Breakers are 
designed to be operated using a 5 V logic level signal. The breakers are based on 
electromechanical relays with a 12V solenoid coil. The coil is connected between the 
positive power supply and the collector of the driving transistor [41]. Transistor acts like 
a current sink and logic high at the “ON/OFF” input, as shown in Figure 30, closes the 
contact while a logic low at the same input opens it. D1 is used to provide short circuit 
path to the back EMF generated during the turn-off process. 
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3.6.3 Schematic 
Figure 31 shows detailed schematic of the MCU board for SSCM. Converters SSCM4 
and SSCM5 use both the breaker control outputs on pins 32 and 34 (see Figure 51 for 
device numbering). Remaining converters use breaker control output “a” on pin 32. 
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Figure 31: Detailed Schematic of MC9S12C32 Plug-in Board for SSCM. 
Breaker controls are directly connected to circuit breaker board shown in Figure 30. 
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Figure 32: Detailed Schematic of Shipboard Service Converter Module. 
3.6.4 Controller 
Figure 33 shows the Simulink model of the power supply controls. Two versions of the 
converter modules are used. Four converter modules, which supply power to the first and 
the last zones, are connected to a single breaker. Remaining two modules, supplying the 
middle zone, control two breakers each. Inductor’s current is adjusted by the inner 
controller to maintain the output voltage at the set-point. This is done by arranging output 
of the outer voltage controller as the reference for the inner controller. Overload and 
short-circuit protection have been implemented in the same way as for the Power Supply, 
described in section 3.3.9. Table 6 summarizes the parameters for a SSCM controller. 
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Figure 33: Simulink Model of Shipboard Service Converter Module. 
Table 6: Shipboard Service Converter Module Controller Parameters. 
Available Parameter Name Values 
Readable and Modifiable: 
On-off mode flag for converter 0 – 1 
On-off mode flag for first breaker 0 – 1 
On-off mode flag for second breaker (some units only) 0 – 1 
Overload/short circuit reset flag 0 – 1 
Voltage set-point 0 – 255 
Readable only: 
Output voltage 0 – 255 
Load current 0 – 255 
Internal: 
Proportional gain of the PI voltage control 1 
Integral gain of the PI voltage control 100 
Integral gain of the PI current control 10 
Current set-point 255 
Controller saturation upper limit 255 
Controller saturation lower limit 0 
Overload cutoff limit 100 
Overload cutoff delay 255 
Short circuit cutoff limit 200 
Voltage scaling factor 8 
Current scaling factor 8 
Power good status signal 0 – 1 
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3.7 Constant Power Load 
Constant Power Load is a power regulating controller that uses power set-point as the 
command input. It is based on the same topology used by Power Supply described in 
section 3.3 and Shipboard Service Converter Module described in section 3.6.   
3.7.1 Controller Gain 
Constant Power Load control uses power set-point to generate the reference point for the 
current control loop. The following block diagram shows the basic function of the 
controller. Power set-point is divided by the voltage feedback to obtain current reference 
point. A lower limit is set at the voltage input to avoid division by zero. Gain at the power 
set-point input is intended at simplifying the controller design considering fixed point 
computation based on 8 bit integers. Power set-points can be entered as integer numbers 
between 0 and 15, representing 0% to 100% of the full load. 
 
Figure 34: Constant Power Load Controller. 
For n number of power levels, spaced at equal amount of increments, gain can be 
obtained using the following equation, 
2
22 2
r
vRn
rrVGain iv
b
××
×××=  (21)
Where, b is the number of ADC bits, equal to 8 in this case. The gain of the voltage 
sensing circuit, rv, is determined to be 0.06 and the gain of the current sensing circuit, ri, 
is 5.0. V is the maximum achievable load voltage, and vr is the reference voltage of ADC 
equal to 5.0 V.   
Considering load resistance, R, of 250 Ω, the gain equation can be re-rewritten as, 
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( )nV 23.1212 Gain ×=  (22)
If the desired number of increments is set to 16 for the maximum achievable output 
voltage of 30V, required gain should be set at 176. 
Maximum current limit can be set at the maximum desirable load current by using the 
following relation. 
r
i
b
vR
rV
Limit ×
××= 2  (23)
Here the reference voltage for analog to digital converter, vr, is 5 volts. Using available 
values, the equation simplifies to, V1.02×=Limit . For the maximum attainable output 
voltage of 30V, limiter must be set to 31.0 
3.7.2 Controller 
Figure 35 shows the Simulink model for the constant power controller. The desired 
power-level is used as the input. This power level is converted to an internal value after 
multiplying it by the gain, division by the load voltage generates the desired current set-
point. Desired current at the load produces the commanded power for the Constant Power 
Load. 
 
Figure 35: Constant Power Load Controller Simulink Model. 
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3.8 Internal Power Supply for Sensors and Drives 
As explained earlier, the cascaded nature of system integration among non-isolated 
converters as well as a non isolated communication bus makes it more difficult to connect 
single power source to supply overall power needs. The overall testbed is divided into 
two equal sections for the purpose of supplying power to the sensors and the drive 
circuits. The testbed contains a pair of dual power supplies to supply +15 and -15 volts 
power for sensors as shown in Figure 36. 
+15V
-15V
1000uF
100uF
100uF
1N4001
60Hz
7815
1N4001
1N4001
1N4001
1N4001
Pri = 115V
Sec1 = 18V
Sec2 = 18V
1N4001
7915
1000uF
115VAC
1N4001
1N4001
 
Figure 36: Power Supply for Gate Drives and Relays 
A 5V voltage regulator provides power to the microcontroller boards by converting the 
+15 volts side of the sensors’ power supply. 
+12V
60Hz 100uF
1N4001
1N4001
1N4001
1N4001
115VAC
Pri = 115V
Sec1 = 14V
7812
1000uF
 
Figure 37: Power Supply for Sensor and MCU 
Separate 12V power supplies provide power to the gate drives of the converters in those 
two sections of the testbed. An additional 12V power supply is added to the testbed to 
provide power to the eight breakers. 
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3.9 Communication 
 
Communication forms the most important part of the agent based control. Agents must 
communicate with their neighboring counterparts to achieve local as well as global 
objectives. A robust communication is desired for the testbed because all the supervisory 
controls reside in the re-configuration layer or the command and control center. The 
testbed consists of power electronics and induction motor drives and RFI or EMI 
generated at the testbed must not hamper communication. 
Each agent in the implementation layer teams up with its counterpart in the 
reconfiguration layer. Implementation Agents (IA) and Reconfiguration Agents (RA) 
have been described in the introduction of Chapter 3. A peer-to-peer communication is 
required between each IA and RA team. Command and control center, IA and RA 
connect to each other through a common communication bus and using a common 
messaging language. These entities need to communicate with each other at different 
modes of operation. For example, a new flow-value obtained by running algorithms in 
the reconfiguration layer is sent to the implementation agents in the testbed and the 
command and control center must be able to read and write values to or from the testbed. 
Unique addresses must be assigned to each of these agents in order to have them perform 
these operations. These agents must also use the same standard for both the addressing 
scheme and the message format. The following sub-sections present the addressing 
scheme and message formats in more details. 
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3.9.1 Addressing 
In a Controller Area Network (CAN), arbitration identifies a message and also provides 
prioritization. The message with the lowest binary value in the arbitration field gets the 
highest priority on the bus and other messages wait until high priority messages are 
completely sent. A collision between two or more messages is resolved by using non-
destructive arbitration. CAN in its original form does not carry any information about the 
sender. However, an agent must send query messages, which must include the sender’s 
information so that the reply can be targeted at the original sender. Several protocols are 
available and these have been mentioned in Chapter 2. Communication standard 
developed by Foundation for Intelligent Physical Agents (FIPA) and CANopen have 
been adapted for the communication scheme of reconfiguration agents [44], and the 
hardware testbed also uses this messaging structure. 
The FIPA Agent Communication Language (ACL) sets forth message parameters. Other 
than mandatory performatives, use of these parameters entirely depends upon the 
application. Sender, Receiver, and Content information are expected to be present in all 
ACL messages [17]. 
The first four bits out of the 29 bit extended identifier are set aside as message priority 
bits. Last bit in the identifier is reserved for multi-frame messages. Remaining 24 bits are 
divided into groups of 12 bits. Higher 12 bits are allocated for sender address and lower 
12 bits are allocated for receiver address. 
 
Figure 38: CAN Message Format Using Sender’s and Receiver’s Address. 
Each node in the system is assigned a 12-bit binary address. As many as 4096 entities are 
possible with 12 bit addressing scheme.  The testbed currently contains a total of 27 
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entities including motor drives, converters, loads, and breakers within the testbed. 
Breakers are not assigned their own addresses but considered to be part of the SSCMs. 
Therefore this scheme leaves sufficient room for future expansion, e.g., addition of other 
agents. 
Table 7 lists the addresses assigned to the devices on the testbed using address for RA/IA. 
Least significant bit is set to recessive if the message has multiple frames and to 
dominant if the message is composed of a single frame.  
Table 7: Addresses for Testbed Components. 
 Device Single Frame Multiple Frame 
1 Power Supply 1 XXXXX004H XXXXX005H 
2 Power Supply 2 XXXXX002H XXXXX003H 
3 Shipboard Service Converter Module 1 XXXXX010H XXXXX011H 
4 Shipboard Service Converter Module 2 XXXXX00EH XXXXX00FH 
5 Shipboard Service Converter Module 3 XXXXX00CH XXXXX00DH 
6 Shipboard Service Converter Module 4 XXXXX00AH XXXXX00BH 
7 Shipboard Service Converter Module 5 XXXXX008H XXXXX009H 
8 Shipboard Service Converter Module 6 XXXXX006H XXXXX007H 
9 Constant Power Load 1 XXXXX01AH XXXXX01BH 
10 Constant Power Load 2 XXXXX018H XXXXX019H 
11 Constant Power Load 3 XXXXX016H XXXXX017H 
12 Constant Power Load 4 XXXXX014H XXXXX015H 
13 Constant Power Load 5 XXXXX012H XXXXX013H 
14 Pulsed Load 1 XXXXX01CH XXXXX01DH 
15 Motor Controller 1 XXXXX01EH XXXXX01FH 
16 Sensor 1 XXXXX020H XXXXX021H 
17 Propulsion 1 XXXXX022H XXXXX023H 
18 Propulsion 2 XXXXX024H XXXXX025H 
19 Sensor 2 XXXXX026H XXXXX027H 
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Figure 39: Addresses and Command Summary 
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VB – Measurement (2,3) 
IB – Measurement (2,2) 
ONB – Status (2,1,1) 
OFFB – Status (2,1,0) 
RstB – Status (2,3,1ms) 
SetB – Value (2,1,V) 
V – Measurement (8,0) 
I – Measurement (8,1) 
ON – Status (8,0,1) 
OFF – Status (8,0,0) 
Rst – Status (8,2,1ms) 
Set V – Value (8,0,V) 
ON – Status (8,1,1) 
OFF – Status (8,1,0) 
ON –Status (6,3,1) 
OFF – Status (6,3,0) 
ON –Status (6,1,1) 
OFF – Status (6,1,0)
ON – Status (4,1,1) 
OFF – Status (4,1,0) 
ON – Status (7,1,1) 
OFF – Status (7,1,0) 
ON – Status (5,3,1) 
OFF – Status (5,3,0) 
ON – Status (5,1,1) 
OFF – Status (5,1,0)
ON – Status (3,1,1) 
OFF – Status (3,1,0) 
V – Measurement (6,0) 
I – Measurement (6,1) 
ON – Status (6,0,1) 
OFF – Status (6,0,0) 
Rst – Status (6,2,1ms) 
Set V – Value (6,0,V) 
V – Measurement (4,0) 
I – Measurement (4,1) 
ON – Status (4,0,1) 
OFF – Status (4,0,0) 
Rst – Status (4,2,1ms) 
Set V – Value (4,0,V) 
V – Measurement (7,0) 
I – Measurement (7,1) 
ON – Status (7,0,1) 
OFF – Status (7,0,0) 
Rst – Status (7,2,1ms) 
Set V – Value (7,0,V) 
V – Measurement (5,0) 
I – Measurement (5,1) 
ON – Status (5,0,1) 
OFF – Status (5,0,0) 
Rst – Status (5,2,1ms) 
Set V – Value (5,0,V) 
V – Measurement (3,0) 
I – Measurement (3,1) 
ON – Status (3,0,1) 
OFF – Status (3,0,0) 
Rst – Status (3,2,1ms) 
Set V – Value (3,0,V) 
VB – Measurement (1,3) 
IB – Measurement (1,2) 
ONB – Status (1,1,1) 
OFFB – Status (1,1,0) 
Rst – Status (1,3,1ms) 
SetB – Value (1,1,V) 
V – Measurement (12,0)
I – Measurement (12,1) 
ON – Status (12,0,1) 
OFF – Status (12,0,0) 
Set P – Value (12,0,P) 
V – Measurement (10,0)
I – Measurement (10,1) 
ON – Status (10,0,1) 
OFF – Status (10,0,0) 
Set P – Value (10,0,P) 
V – Measurement (9,0) 
I – Measurement (90,1) 
ON – Status (9,0,1) 
OFF – Status (9,0,0) 
Set P – Value (9,0,P) 
V – Measurement (11,0)
I – Measurement (11,1) 
ON – Status (11,0,1) 
OFF – Status (11,0,0) 
Set P – Value (11,0,P) 
V – Measurement (13,0)
I – Measurement (13,1) 
ON – Status (13,0,1) 
OFF – Status (13,0,0) 
Set P – Value (13,0,P) 
V – Measurement (14,0) 
I – Measurement (14,1) 
ON – Status (14,0,1) 
OFF – Status (14,0,0) 
Rst – Status (14,2,1ms) 
Set I – Value (14,0,I) 
Trigger - Value (14,0,0) 
VA – Measurement (2,0) 
IA – Measurement (2,1) 
ONA – Status (2,0,1) 
OFFA – Status (2,0,0) 
Rst – Status (2,2,1ms) 
SetA – Value (2,0,V) 
VA – Measurement (1,0) 
IA – Measurement (1,1) 
ONA – Status (1,0,1) 
OFFA – Status (1,0,0) 
RstA – Status (1,2,1ms) 
SetA – Value (1,0,V) 
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3.9.2 Messages 
CAN frame provides 8 bytes for sending data. Messages are designed to send information 
to the implementation agents and receive information from the implementation agents. 
The messages exploit the performatives specified in the FIPA standard using a bit 
efficient protocol [18][49]. All the mandatory performatives are implemented using a part 
of the data field. The description below elaborates on different fields used in the 
messages. 
Frame ID: first byte in the data field, which represents one of the 256 frames sent as a 
multi-frame message. 
From addr: first 4 bits of the second byte in the data field.  This represents the address of 
the process where the message originated. 
To addr: second 4 bits of the second byte in the data field.  This represents the address of 
the process to which the message is targeted. 
Message type: third byte in the data field, which represents the relevant action to be taken 
on the data. 
Data type: first four bits of the fourth byte in the data field. This represents the nature of 
the data sent. 
Scaling: last four bits of the fourth byte in the data field. Scaling is used when delivering 
real world values through eight data bits only, more details in section 3.9.3. 
Data type classification: fifth byte in the data field.  This field further classifies data 
specified by the first four bits of the fourth byte. 
Designator: sixth byte in the data field, which represents one among several of the data 
types relevant to a device. 
Data: seventh byte in the data field, which carries the numeric value part of the message. 
3.9.3 Number Representation 
A real number can be represented by two groups of binary numbers. One group 
represents the whole number part and the other group represents the fraction part of the 
real number. Significant figures in the original number should be preserved while making 
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the new representation. The Hall-effect voltage and current sensors used in this testbed 
have approximately the same accuracy and hence fixed digits of significance can be used 
for all the measurements on the testbed. Voltages and current values for different devices 
are of different magnitude. Different scaling factors with their precision and range are 
summarized in Table 8 below [2]. The formats use three bits out of 4 bits available for 
scaling in the original message shown in Table 10 on page 58. The forth and the most 
significant bit is used to indicate that the range of the value is above 255 as shown in 
Table 9. 
Table 8: Binary Fractional Number Representation. 
Scaling Format Integer bits Fraction bits Precision Range 
1000 8.0 8 0 1 0 – 255 
0000 7.1 7 1 0.5 0 – 127.5 
0001 6.2 6 2 0.25 0 – 63.75 
0010 5.3 5 3 0.125 0 – 31.875 
0011 4.4 4 4 0.0625 0 – 15.9375 
0100 3.5 3 5 0.03125 0 – 7.96875 
0101 2.6 2 6 0.015625 0 – 3.984375 
0110 1.7 1 7 0.0078125 0 – 1.9921875 
0111 0.8 0 8 0.00390625 0 – 0.99609375 
Formats can be chosen from the table to suit precision and range requirements of the 
application. As an example, 0.5 A current sensor, with an accuracy of 1%, demands a 
resolution of 5 mA. For representing it without losing precision, a 0.8 format binary 
number will be suitable, which also gives the required range in this case. As another 
example, if the value to be represented ranges up to 100 volts, a 7.1 number format will 
be suitable as it provides 0.5V resolution. 
If the most significant bit out of the 4-bit scaling nibble contains a ‘1’ then the three 
lower bits represent the value of the multiplier. In this case, a 0 in those three bits indicate 
a multiplier of value ‘1’. A 7 indicates the value of multiplier equal to ‘8’. A maximum 
RPM of 2000 can be represented by using 7 in these three bits. This can represent up to a 
numbers 2040. The following table summarizes how the scaling can be used to represent 
numbers larger than 255. In this case the precision of the represented number may be lost, 
on the values sent over the communication link. The controller, which runs directly on 
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the local MCU, does not see any loss in the precision as it uses the internally stored 
original values. 
Scaling Multiplier Precision Range 
1000 1 1 0 – 255 
1001 2 2 0 – 510 
1010 3 3 0 – 765 
1011 4 4 0 – 1020 
1100 5 5 0 – 1275 
1101 6 6 0 – 1530 
1110 7 7 0 – 1785 
1111 8 8 0 – 2040 
Table 9: Larger Number Representation 
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The following table summarizes message data fields. 
1st Byte  2nd Byte 3rd Byte 4th Byte 5th Byte  6th Byte 7th 
Byte 
8th Byte 
4-Bits 
Data Type: 
0x3 ? Value (+Ve) 
0x4 ? Value (-Ve) 
0x5 ? Status 
 
4-Bits 
Scalin
g: 
Binary 
Scaling 
Factor 
4-Bits 
From 
Proce
ss 
4-Bits 
To 
Process: 
. 
8-Bits 
Value: 
0x00 ? AC Voltage 
0x01 ? DC Voltage 
0x02 ? AC Current 
0x03 ? DC Current 
0x10 ? Speed 
0x11 ? Temperature 
0x20 ? Power 
0x30 ? Parameters 
Status: 
0x00 ? Error 
0x01 ? Short Circuit 
0x02 ? Overload 
0x03 ? Power Good 
0x04 ? Mode 
0x7 ? 
Acknowledgement 
 
vvvmm8-
Bits 
Frame ID: 
(1…255 
For multi-
frame 
message. 
0x00 If not 
used)  Processes like 
more than one 
control schemes 
will have ID which 
will be used in this 
field to indicate the 
parameter 
receiving controller 
8-Bits  
Message Type: 
0x01 ? Accept-proposal 
0x02 ? Agree  
0x03  ? Cancel  
0x04  ? CFP  
0x05  ? Confirm  
0x06  ? Disconfirm  
0x07  ? Failure  
0x08  ? Inform  
0x09  ? Inform-If  
0x0A  ? Inform-Ref  
0x0B  ? Not-understood  
0x0C  ? Propagate  
0x0D  ? Propose  
0x0E  ? Proxy  
0x0F ? Query-If  
0x10  ? Query-Ref  
0x11  ? Refuse  
0x12  ? Reject-Proposal  
0x13  ? Request  
0x14  ? Request-When  
0x15  ? Request-
Whenever  
0x16 ? Subscribe 
FIPA [18] 
Reserved for Reconfiguration 
Agent: 
0x0–, 0x1–, 0x9– and 0xE– 
[44] 
Base Units: 
AC Voltage ? Volts 
DC Voltage ? Volts 
AC Current ? Amps 
DC Current ? Amps 
Speed ? rpm 
Power ? Watts 
Temperature ? °C 
8-Bits 
Designator: 
Designator for 
inputs or outputs 
of the device. 
Examples: 
0x01 ? First 
output of Power 
Supply, 
0x02 ? Second 
output of Power 
Supply, 
Or 
0x00 ? Phase A 
0x01 ? Phase B 
0x02 ?Phase C 
and so on ... 
 
 
 
8-Bits 
Data: 
8-Bit 
Unsigne
d 
Integer 
Value 
Unused
: 
Could 
be used 
later to 
send 
extende
d data 
values 
(16-
bits). 
8-Bits 
- 
Table 10: CAN Message Data Field.
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3.10 User Interface for Testbed Monitoring  
A remote computer terminal has been developed to provide a graphical user interface for 
monitoring activities of the various devices and also verifying performance. The console 
is built using a MATLAB Graphical User Interface (GUI). This user interface provides 
access to all the commands as well as measured quantities in an easy to use integrated 
console using color codes. 
Individual devices on the testbed can be enabled, disabled, or reprogrammed with new 
set-point values. The initialization function configures testbed components to send 
measurement values periodically. A timer based function periodically reads the USB-to-
CAN converter’s buffer and displays them in the appropriate locations on the user 
interface screen. This interface provides direct access to the converter set-points and a 16 
level pull-down menu for setting the constant power loads’ demand levels. 
The interface also makes available status and measurement values in the form of a matrix 
accessible within the workspace. This matrix, saved as status in the workspace, is 
periodically updated using a timer function. This matrix can be shared with other entities 
like the reconfiguration algorithm or the command and control center. The matrix can 
also be used for further analysis. 
 
Figure 40: A Snapshot of the User Interface. 
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3.10.1 GUI Functions 
Each CAN node provides access to one or more variables. The number of available 
variables at a specific CAN node are set by the initialization function (Figure 40) and 
stored in vector can_m_b.  This vector allows the variables to be addressed in a loop 
using indices. 
The ‘timer’ object has a number of properties that can be created and defined using the 
‘timer()’ function. 'TimerFcn' sets function to be executed at a fixed rate of ‘Period’ 
seconds. BusyMode and ExecutionMode define different modes of execution. handles.c 
and handles.n store data in the GUI’s handles structure. The initialization also creates a 
state matrix with 27 rows and 16 columns, which saves the state of different status blocks 
as well as measurement values in the form of a matrix shown in Table 11. 
global state x can_m_b on_col gry red yel grn bue blnk 
blnk = 0; 
on_col = [1.0 0.2 0.2]; 
gry = [0.753 0.753 0.753]; 
red = [1 0.5 0.5]; 
yel = [0.9 0.9 0]; 
grn = [0 0.8 0]; 
bue = [0.5 0.5 1]; 
x = 0; 
can_m_b = [4, 4, 2, 2, 2, 2, 2, 2, 3, 3, 3, 3, 3, 2, 2, 2, 2, 2, 2]; 
  
handles.tmr = timer('TimerFcn', 
{@TmrFcn,handles.figure1},'BusyMode','Queue', 
'ExecutionMode','FixedRate','Period', 0.25 ); 
  
handles.c = 0; 
handles.n = 1; %intialize variables  
state = zeros(27,16); 
guidata(hObject, handles); 
Figure 41: Initialization of Variables and Timer Function for GUI 
First ‘for’ loop (Figure 41) uses ‘can_m_b’ to sequentially initializes measurement 
blocks to send periodic data. Second ‘for’ loop disables this feature for each block. 
function text330_ButtonDownFcn(hObject, eventdata, handles) 
global x d can_m_b 
if x == 0 
    x = 1; 
    for i = 1:19  
        for j = 0:can_m_b(i)-1  
            pcanm_write(i*2,2,7,[0 0 16  96  0 j 4 ],2); 
            pause(0.11); 
Time, expressed 
in seconds. 
All devices, 1st to 19th Device, see Figure 39
 All measurement blocks, see Figure 39 
 FIPA Message Type, see [18] 
 Data type and Scaling 
 see Table 10, 4th byte. 
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        end 
    end 
    start(handles.tmr); 
else 
    stop(handles.tmr); 
    x = 0; 
    for i = 1:19 
        for j = 0:can_m_b(i)-1 
            pcanm_write(i*2,2,7,[0 0 16 104 0 j 0],2); 
            pause(0.11); 
        end 
    end 
end 
rd = pcanm_read(2); 
while rd(1) ~= -1 
    rd = pcanm_read(2); 
end 
Figure 42: Initialization Function for Periodic CAN Messaging 
Figure 43 below is an example of a function for powering on and off a converter module 
or a relay. The corresponding element in state is checked and the state is toggled, the 
resulting value is saved in the matrix. 
function pushbutton52_Callback(hObject, eventdata, handles) 
global state on_col gry red yel grn bue 
if (~state(9,11)) % row 9, column 11 of Table 11, on/off status of CPL1 
    setstat(13,0,1); % address of CPL1 is 13, 0 represents on/off, 
     % 1 represents “turn on”. 
    set(handles.pushbutton52,'String','OFF'); 
    set(handles.pushbutton52,'BackgroundColor',on_col); 
    state(9,11)=true; 
else 
    setstat(13,0,0); 
    set(handles.pushbutton52,'String','ON'); 
    set(handles.pushbutton52,'BackgroundColor',red); 
    state(9,11)=false; 
end 
Figure 43: GUI Function for Turning “On” and “Off” Entities on the Testbed 
 
3.10.2 Commands  
All the commands for the testbed have been summarized in Figure 39. SPS testbed 
commands can be broken into inform and query. The query commands are used to 
request information from IAs. The inform commands are used to pass information like 
the set-point, status or the measurement values over the network. 
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Table 11: Elements of state Matrix. 
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2 1 (1,1) (1,2) (1,3) (1,4) (1,5) (1,6) (1,7) (1,8) (1,9) (1,10) (1,11) (1,12) (1,13) (1,14) (1,15) (1,16) Power Supply 1 2 (2,1) (2,2) (2,3) (2,4) (2,5) (2,6) (2,7) (2,8) (2,9) (2,10) (2,11) (2,12) (2,13) (2,14) (2,15) (2,16) 
1 8 (3,1) (3,2) (3,3) (3,4) (3,5) (3,6) (3,7) (3,8) (3,9) (3,10) (3,11) (3,12) (3,13) (3,14) (3,15) (3,16) 
2 7 (4,1) (4,2) (4,3) (4,4) (4,5) (4,6) (4,7) (4,8) (4,9) (4,10) (4,11) (4,12) (4,13) (4,14) (4,15) (4,16) 
3 6 (5,1) (5,2) (5,3) (5,4) (5,5) (5,6) (5,7) (5,8) (5,9) (5,10) (5,11) (5,12) (5,13) (5,14) (5,15) (5,16) 
4 5 (6,1) (6,2) (6,3) (6,4) (6,5) (6,6) (6,7) (6,8) (6,9) (6,10) (6,11) (6,12) (6,13) (6,14) (6,15) (6,16) 
5 4 (7,1) (7,2) (7,3) (7,4) (7,5) (7,6) (7,7) (7,8) (7,9) (7,10) (7,11) (7,12) (7,13) (7,14) (7,15) (7,16) 
Shipboard 
Service 
Converter 
Module 
6 3 (8,1) (8,2) (8,3) (8,4) (8,5) (8,6) (8,7) (8,8) (8,9) (8,10) (8,11) (8,12) (8,13) (8,14) (8,15) (8,16) 
1 13 (9,1) (9,2) (9,3) (9,4) (9,5) (9,6) (9,7) (9,8) (9,9) (9,10) (9,11) (9,12) (9,13) (9,14) (9,15) (9,16) 
2 12 (10,1) (10,2) (10,3) (10,4) (10,5) (10,6) (10,7) (10,8) (10,9) (10,10) (10,11) (10,12) (10,13) (10,14) (10,15) (10,16) 
3 11 (11,1) (11,2) (11,3) (11,4) (11,5) (11,6) (11,7) (11,8) (11,9) (11,10) (11,11) (11,12) (11,13) (11,14) (11,15) (11,16) 
4 10 (12,1) (12,2) (12,3) (12,4) (12,5) (12,6) (12,7) (12,8) (12,9) (12,10) (12,11) (12,12) (12,13) (12,14) (12,15) (12,16) 
Constant 
Power Load 
5 9 (13,1) (13,2) (13,3) (13,4) (13,5) (13,6) (13,7) (13,8) (13,9) (13,10) (13,11) (13,12) (13,13) (13,14) (13,15) (13,16) 
Pulse Load 1 14 (14,1) (14,2) (14,3) (14,4) (14,5) (14,6) (14,7) (14,8) (14,9) (14,10) (14,11) (14,12) (14,13) (14,14) (14,15) (14,16) 
Motor Control 1 15 (15,1) (15,2) (15,3) (15,4) (15,5) (15,6) (15,7) (15,8) (15,9) (15,10) (15,11) (15,12) (15,13) (15,14) (15,15) (15,16) 
1 17 (17,1) (17,2) (17,3) (17,4) (17,5) (17,6) (17,7) (17,8) (17,9) (17,10) (17,11) (17,12) (17,13) (17,14) (17,15) (17,16) Propulsion Drive 
2 16 (16,1) (16,2) (16,3) (16,4) (16,5) (16,6) (16,7) (16,8) (16,9) (16,10) (16,11) (16,12) (16,13) (16,14) (16,15) (16,16) 
1 19 (19,1) (19,2) (19,3) (19,4) (19,5) (19,6) (19,7) (19,8) (19,9) (19,10) (19,11) (19,12) (19,13) (19,14) (19,15) (19,16) Input Sensor 
2 18 (18,1) (18,2) (18,3) (18,4) (18,5) (18,6) (18,7) (18,8) (18,9) (18,10) (18,11) (18,12) (18,13) (18,14) (18,15) (18,16) 
1 8.1 (20,1) (20,2) (20,3) (20,4) (20,5) (20,6) (20,7) (20,8) (20,9) (20,10) (20,11) (20,12) (20,13) (20,14) (20,15) (20,16) 
2 7.1 (21,1) (21,2) (21,3) (21,4) (21,5) (21,6) (21,7) (21,8) (21,9) (21,10) (21,11) (21,12) (21,13) (21,14) (21,15) (21,16) 
3 6.3 (22,1) (22,2) (22,3) (22,4) (22,5) (22,6) (22,7) (22,8) (22,9) (22,10) (22,11) (22,12) (22,13) (22,14) (22,15) (22,16) 
4 5.3 (23,1) (23,2) (23,3) (23,4) (23,5) (23,6) (23,7) (23,8) (23,9) (23,10) (23,11) (23,12) (23,13) (23,14) (23,15) (23,16) 
5 6.1 (24,1) (24,2) (24,3) (24,4) (24,5) (24,6) (24,7) (24,8) (24,9) (24,10) (24,11) (24,12) (24,13) (24,14) (24,15) (24,16) 
6 5.1 (25,1) (25,2) (25,3) (25,4) (25,5) (25,6) (25,7) (25,8) (25,9) (25,10) (25,11) (25,12) (25,13) (25,14) (25,15) (25,16) 
7 4.1 (26,1) (26,2) (26,3) (26,4) (26,5) (26,6) (26,7) (26,8) (26,9) (26,10) (26,11) (26,12) (26,13) (26,14) (26,15) (26,16) 
Relay 
8 3.1 (27,1) (27,2) (27,3) (27,4) (27,5) (27,6) (27,7) (27,8) (27,9) (27,10) (27,11) (27,12) (27,13) (27,14) (27,15) (27,16) 
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3.10.3 GUI User Guide  
 
 
Figure 44: Timer is Turned On. 
A right click on the “Timer Indicator” at the left-top corner of the GUI starts the 
initialization function for periodic CAN messaging and the timer. A blinking red 
indicator shown in Figure 44 stands for an active timer. All the display areas on the GUI 
are loaded with the values read from the devices. Figure 45 shows the GUI screen after 
the power supply PS1A is turned on. A value 50 is selected as the default set-point for 
PS1A. The display settles at 50 after an overshoot. Value 50 corresponds to 35 volts 
using the relation shown in equation (6). The value of R in this case is 18 k. 
 
Figure 45: PS1 Turn On 
Figure 46 shows the GUI after breaker R1 and SSCM1 are turned on. The value of R in 
this case is 12 k and the value 65 stands for 30 volts using equation (6). 
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Figure 46: PS1, Breaker R1, and SSCM1 are Turned On. 
Figure 47 shows the pull down combo box for constant power load control. Also, the 
SSCM5 voltage set-point’s value is set to 75, which corresponds to 35 volts using 
equation (6). 
 
Figure 47: GUI Interface for Constant Power Load. 
Figure 48 below shows the main timer function. This function updates values displayed 
on the GUI screen with the values received at the CAN interface periodically. The 
function uses switch statements to move data to appropriate text fields. Values like from 
device (fd) and data designator (dd) are checked for this purpose. A while loop is used to 
continuously read and empty the PCAN USB buffer. The PCAN USB has been described 
in section 2.2.5. 
function TmrFcn(hObject, eventdata, hfig) 
global blnk on_col state 
handles = guidata(hfig); 
can_val = pcanm_read(2); 
while can_val(1) ~=-1 
    id = dec2bin(can_val(1),29);   % ID = priority|sender|receipient 
    fd = bin2dec(id(5:16));        % from device 
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    ty = can_val(6);               % type of action to take (FIPA) 
    sc = dec2bin(can_val(7),8);    % fourth byte on data field 
    sc = bin2dec(sc(5:8));         % 4 bit scaling 
    dd = can_val(9);               % data designator 
    handles.c = can_val(10); 
 
    if ty == 10 
     switch fd             % from device 
       case 1              % power supply 2 
         switch dd         % data designator 
           case 0          % voltage of A 
             state(1,1) = handles.c; 
             set(handles.text298,'String',num2str(handles.c)); 
           case 1          % current of A 
             state(1,5) = handles.c; 
             set(handles.text300,'String',num2str(handles.c)); 
           case 2          % current of B 
             state(1,2) = handles.c; 
             set(handles.text295,'String',num2str(handles.c)); 
           case 3          % voltage of B 
             state(1,6) = handles.c; 
             set(handles.text293,'String',num2str(handles.c)); 
         end 
       case 2              % power supply 1 
         switch dd         % data designator 
           case 0          % voltage of A 
                    
                   • 
                   • 
                   • 
                    
           end 
       case 19             % Measurement 1 
         switch dd         % designator 
           case 0          % voltage 
             state(19,1) = handles.c; 
             set(handles.text340,'String',num2str(handles.c)); 
           case 1          % current 
             state(19,5) = handles.c; 
             set(handles.text342,'String',num2str(handles.c)); 
         end 
       end 
 
Figure 48: Timer Function for Displaying Values 
3.11 Testbed Construction 
The testbed was built on an OBS board of size 4.5’ x 2.5’, and all devices have been 
marked by color codes as shown in Figure 49. 
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Figure 49: Completely Assembled Testbed Integrated with RA and CCC. 
CCC 
RA
Main Switch Variac 
PS2 
MEA2 
PROP2 
MC1 
PULSE1 
SSCM6
CPL4
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Chapter 4 Test and Results 
Individual components on the testbed have been tested for steady-state and transient load 
change responses. The test data includes the voltage and current profiles of inputs and 
outputs for the converters and loads. Testing also includes performance of safety features 
like overload and short circuit cutoff. Testing was also performed to check the converter 
startup currents and voltage profiles. The motor drive was tested at different frequencies. 
 
Figure 50: Test Setup Using Power Analyzer PZ4000 
Electric power was supplied from a 3-phase, non-isolated variac connected to the AC 
mains.  Yokogawa Power Analyzer PZ4000 was used for the measurement of voltages 
and currents. The input current, input voltage, output current, and output voltage were 
logged. The power analyzer allows screenshots to be saved and these have been 
documented in this chapter along with an explanation on the test conditions and results. 
A 3-phase disconnect switch and two Miniature Circuit Breakers (MCB) have been added 
to the testbed to ensure protection as shown in Figure 51: . 
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Figure 51: Top View of Testbed and Arrangement for Tests and Demonstration. 
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4.1 Power Supply 
Figure 52 shows the startup of the power supply and measurements taken after the 
voltage settles. Settling time for the voltage is about 220 ms. Ripple in the input current is 
due to the peak charging of input capacitor through rectifier diodes. Considering the 
sampling rate of 10 ms for all the blocks in the controller model, this settling time is less 
than 22 samples away from the startup point. The voltage set-point was programmed to 
be 43 volts (60 in the GUI). 
  
Figure 52: Power Supply Startup 
Figure 53 shows a step increase in load. Load current was increased from 0.18 A to 0.68 
A. This increase of 0.5 A caused the voltage to dip down to 30 V before the controller 
responded. It also shows the settling time of 300 ms for the controller and the increase in 
output voltage ripple with the increase in load. 
 
79V 
43V
80V 
0.55A 1A 
2.7A
––– Input Voltage, ––– Input Current, ––– Output Voltage, ––– Output Current 
PS1A Voltage settles 
240mS after power up 
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Figure 53: Step load increase 
Figure 54 shows the step response for a 0.5A decrease load current. A load decrease from 
0.63 A to 0.18 A results in a settling time of 240 ms. 
 
Figure 54: Step load decrease 
Overload cut-off is designed to avoid high currents that can occur due to the charging of 
input capacitors in the succeeding converter. The following figure shows voltage and 
0.18A 
0.19A 
43V 
0.63A 
2.5A 
80V 
––– Input Voltage, ––– Input Current, ––– Output Voltage, ––– Output Current 
0.56V 
PS1A settles 240 ms
after a 0.5A load change
43V 
80V 
0.6A 
0.2A 
2.4A 
1.2A 
––– Input Voltage, ––– Input Current, ––– Output Voltage, ––– Output Current 
30V 
PS1A settles 180 ms
after a 0.5A load change
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current for an overload. An overload must stay for 160 ms to trigger an overload 
shutdown.  
 
Figure 55: Overload Cutoff 
4.2 Shipboard Service Converter Module 
This converter is connected to the output of the power supply during the testing as it will 
be during normal operation. Figure 56 shows the startup of the SSCM. The power supply 
maintains peak voltage at the input capacitor of SSCM. As soon as the SSCM turns on, 
the power supply output voltage dips down to 32 V before the controller acts. For this 
testing, power supply has been set to provide 48 V output. In approximately 50 ms of 
settling time, the power supply maintains the output voltage but as the SSCM converter 
only sees a high voltage beyond this point it settles in 250 ms. 
 
27.0V 
1.1A 
3.2A 
40.5V 
0.61A 
2.5A 
80V 80V 
––– Input Voltage, ––– Input Current, ––– Output Voltage, ––– Output Current 
160 ms
Current limiting 
control starts here 
Overload shutdown 
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Figure 56: Shipboard Service Converter Module Startup 
 
SSCM1 responds to a change in voltage at the power supply in about 120 ms. 
 
Figure 57: Shipboard Service Converter Module Trun-on 
A similar test was performed for an increase in the input voltage of the SSCM1. Voltage 
was increased from 35 V to 43 V. 
25V 
0.2 A 
30V 
2A 
35V 43V 
––– Input Voltage, ––– Input Current, ––– Output Voltage, ––– Output Current 
SSCM1 settles in 
160 ms after input 
voltage decrease
34V 
0.35A 
0.3A 
47V 
0.4A 
Less 
than 
20mA 
48V 
32V 
––– Input Voltage, ––– Input Current, ––– Output Voltage, ––– Output Current 
PS1A settling 
time is180 ms 
SSCM1 settling 
time is 440 ms 
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Figure 58: Input voltage increase 
4.3 Pulse Load 
The pulse load was tested in two conditions. The first one evaluates the performance of 
pulse loading. The second test evaluates the performance of the current control at 
continuous loading. 
 
Figure 59: Pulsed Load, Normal Operation. 
10V 
2.5 A 
45V 
10V 
10V 
87V 
–––  Input Voltage, ––– Load Voltage, ––– Input Current, 
––– Link Voltage, ––– Load Current  
120 ms load 
pulse period
1.18 s charging period
30V 
0.2 A 
2A 
43V 35V 
––– Input Voltage, ––– Input Current, ––– Output Voltage, ––– Output Current 
SSCM1 settles in 
160 ms after input 
voltage increase
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The 10 Ω load was turned on for 120 ms and the capacitor was allowed to charge for 1.18 
seconds as shown in Figure 59. The capacitor is charged by a constant current until the 
voltage reaches the set-point. Afterwards, voltage regulation takes over the current 
control and maintains the voltage. 
D1
Fast Diode
RL
10 Ohms
C1
990uF
Converter
A
C
B
R
ec
tif
ie
r
Fi
lte
r
Driv er
M1
 
Figure 60: Pulse Load Test Setup. 
Second test was intended at evaluating performance of the current regulating controller. 
The MOSFET for switching output load was bypassed during this testing. Figure 60 
shows the setup for the test and Figure 61 shows the results. The bypassing continuously 
loaded the DC link and forced the converter to stay continuously in the current control 
mode. A 202 mA current was measured with a ripple of 87 mA. 
 
Figure 61: Pulsed Load, Continuous Loading. 
–––  Input Voltage, ––– Load Voltage, ––– Input Current, 
––– Link Voltage, –––  Load Current  
Bypass
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4.4 Propulsion Drive 
A 60 Hz, 3-phase, 4-pole induction motor was used for this testing. Figure 62 shows the 
test setup along with the power analyzer. 
 
MotorMotorDrive
 
Figure 62: Test Setup for Motor Drive. 
The test was performed at two different frequencies. First the lower frequency of 0.27 Hz 
(16.2 RPM) was applied. The screenshot of this test in Figure 63 shows a motor speed of 
6.5 RPM giving a slip of 1.6 RPM. The line-to-line RMS voltage for the test was fixed at 
66 V. An RMS current of 240 mA was measured for the test. 
 
Figure 63: 0.27 Hz Motor Operation. 
–––  VAB, ––– VBC, ––– VAC, 
––– IA, –––  IB, –––  IC, –––  Speed 
54V 
340 mA 
VL-L 
5V speed 
sensor 
Iac 
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Second test was performed at 71.4 Hz (4284 RPM) at a line-to-line RMS voltage of 66 V. 
The measured speed of 1829 RPM showed a slip of 313 RPM. The RMS current per 
phase was measured 42 mA. 
 
 
 
Figure 64: 71 Hz Motor Operation. 
 
4.5 Constant Power Load 
The constant power load is designed to sink a fixed amount of power irrespective of the 
value of the resistor. However, for a given input voltage, resistors can only achieve up to 
a finite maximum power. Maximum amount of power decreases with increase in load 
resistance. This controller is designed to provide 16 distinctive power levels at a 
maximum voltage of 29 V using a 250 Ω resistor. Integer numbers from 0 to 15 is used as 
power set points, which has been described in section 3.7. Multiplying this integer 
number by a factor 0.3 gives the corresponding power in watts. The fourth column in  
 
Table 12 lists the power drawn by CPL. CPL was run at different power levels and the 
voltages were recorded.  
 
VL-L 
5V speed 
sensor 
Iabc 
54V 
60 mA 
–––  VAB, ––– VBC, ––– VAC, 
––– IA, –––  IB, –––  IC, –––  Speed 
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Table 12 lists the measured voltages at different power levels. The table also lists the 
calculated voltage for the corresponding voltage levels. 
 
 
Table 12: Constant Power Load Test with 250 Ω 
Power 
Level 
Calculated 
Voltage 
Measured 
Voltage 
Input 
Power 
Output 
Power 
Percentage 
Efficiency 
1 7.5 7.4 0.31 0.22 71.0 
2 10.6 10.6 0.58 0.43 74.1 
3 13.0 13.2 0.84 0.67 79.8 
4 15.0 15.1 1.06 0.89 84.0 
5 16.8 16.8 1.29 1.11 86.0 
6 18.4 18.4 1.54 1.32 85.7 
7 19.8 20.1 1.81 1.57 86.7 
8 21.2 21.4 2.02 1.80 89.1 
9 22.5 22.5 2.23 1.98 88.8 
10 23.7 24.0 2.51 2.26 90.0 
11 24.9 25.3 2.76 2.48 89.9 
12 26.0 26.5 3.00 2.65 88.3 
13 27.0 27.4 3.21 3.01 93.8 
14 28.1 28.4 3.28 3.12 95.1 
15 29.0 28.6 3.60 3.15 87.5 
Figure 66 shows a plot of the calculated and measured values of voltage across the 250 Ω 
load resistor. For a given value of load resistor, voltage can be used as the measurement 
for the power. 
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Figure 65: Calculated Voltage Vs Measured Voltage. 
The following plot shows efficiency of CPL at different loading levels. 
 
Figure 66: Efficiency at Different Power Levels of CPL. 
Figure 67 shows the constant power load running at power level 5, which is calculated to 
be 1.13 W or 16.8 V for a 250 Ω resistor. When another resistor of the same value was 
added to the load making it 125 Ω, the load voltage dropped to about 12V and power was 
maintained at 1.13 W. 
Power Level ? 
Power Level ? 
W
at
t ?
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Figure 67: Constant Power Load with Lower Resistance. 
Output 
Power 
250 Ω 125 Ω 
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Chapter 5 Conclusion 
5.1 Conclusion 
This thesis presents the design of a testbed for the all-electric shipboard power system, 
which integrates power and communication in a single system. The testbed includes most 
of the loads present on a modern all electric shipboard. Communication is implemented 
using a single CAN bus. An external device can communicate with the local controllers 
to obtain measured values like voltage, current, and power demand or modify set-points. 
This hardware provides a platform for testing higher level distributed controls while it 
efficiently handles the embedded local controls and device safety. Overloading or short 
circuiting any terminals on the hardware is protected. All the controls and communication 
on the testbed operate in hard real-time.  This easy to use hardware is ready to use right 
after power-up. Default set-point values are effective until they are altered using the 
remote terminal or other sources of IA messages. The testbed listens to valid commands 
on the CAN bus and takes actions as required. 
The controls are implemented using programmable microcontrollers, making the testbed 
more flexible for upgrading or testing new control techniques for the individual devices. 
The overall parts cost for the hardware was about $5300. This number includes discrete 
components, circuit boards, microcontrollers, sensors, and relays. Another supporting 
expense of about $ 2105 was made on MATLAB toolbox and additional materials to 
have 3-phase power available for the testbed. 
5.2 Future Work 
The testbed includes complete DC zonal distribution system, propulsion system, and 
pulse load making it a complete distribution testbed. The testbed could be connected to 
prime mover-generator sets to further evaluate dynamics during reconfiguration. 
The testbed consists of at least three variable frequency motor drives. Currently these 
drives use a potentiometer at the MCU input for frequency adjustment. Speed controls 
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through CAN interface can be added and integrated with the rest of the system. Magnetic 
speed sensors have been attached to each of these motors and the measured pulses are 
made available at the appropriate pins of the microcontroller. Closed loop controls can be 
established using the feedback loops. 
Another upgrade to the testbed could be on the communication side. Although CAN is 
noise immune, it is still vulnerable in the sense that it requires a pair of twisted wires to 
be intact and to have communication available. Any disconnection in the network can 
bring the whole communication down. Encrypted wireless networks can be added via 
serial or SPI interface available with the existing MCU board to provide additional 
reliability. The existing microcontroller offers a program memory of 32k bytes and a data 
memory of 2k bytes. Although the compiled code for most of the controls for the project 
does not exceed 4k bytes in size, but some essential library files make the code size 
exceed 20k bytes in some cases. Therefore, the memory size may not be sufficient to 
implement the reconfiguration algorithm on the processor The processors could be 
upgraded to more powerful versions and this would provide enough resources to program 
the reconfiguration agents on the local devices themselves. 
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Appendix A: Circuit Board and Wiring 
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Figure 68: Power Supply Schematic. 
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Figure 69: Power Supply Board and Wiring. 
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Motor Drive 
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Figure 70: Motor Drive Schematic. 
 
Figure 71: Motor Drive Board. 
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Pulsed Power Load 
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Figure 72: Pulsed Load Schematic. 
 
Figure 73: Pulsed Load Board and Wiring. 
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Shipboard Service Converter Module 
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Figure 74: Shipboard Service Converter Module Schematic. 
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Figure 75: Shipboard Service Converter Module Board. 
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Constant Power Load 
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Figure 76: Constant Power Load Schematic. 
 
Figure 77: Constant Power Load Circuit Board. 
